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The effects of certain environmental factors upon 
the phenotypic expression of a single-gene mutation, 
pale-yellow-1, of maize have been described (13). In 
brief, the observations showed that the mutant seed- 
ling is initially uniform pale-yellow in color when 
grown in either light or darkness. However, when 
exposed to light at 25°C the mutant seedlings be- 
come green in color approximately 8 days after 
planting. Plastid size and number, type of culture 
media used, length of previous exposure to light and 
the presence of the endosperm are not factors in this 
delayed appearance of pigments. 

This paper will present quantitative information 
on the pigment content and pigment changes which 
occur in the mutant, pale-yellow-1, of maize. In 


particular, an attempt will be made to establish the 
relationship of the mutant gene to the accumulation 
of specifie carotenoid pigments and the chlorophylls. 
This will be done in order to determine the basis for 


the differences in color between the mutant and its 
normal sibling (13). In addition, it is hoped that 
some information about the biochemical relationship 
of the carotenoids to the chlorophylls will be ob- 
tained from these observations. 


MeETHOps 


: The plants used in this study were germinated 


from seeds which were found to produce seedlings in 
-a ratio of 3 normals to 1 mutant. All seedlings were 
grown in a constant temperature chamber at 25 + 


99 0.5° C. Light (700 ft-c) was supplied by 13 slim- 


line fluorescent lamps labeled 4500° white. A de- 
scription of the culture methods, light source and the 
constant temperature chamber has been reported 
(13). 

Samples of leaf material were analyzed for flavo- 


> xanthin c, violaxanthin b, lutein, beta carotene, neo- 


beta carotene, chlorophyll a, chlorophyll b, and pro- 
tochlorophyll a. Neo-beta carotene and beta caro- 
tene were the only carotenes found in ‘the leaf ma- 
terial and flavoxanthin c, violaxanthin b, and lutein 
accounted for over 90% of the total carotenol con- 
tent. A detailed description of the methods used to 
make the pigment analyses has been presented (11). 
In brief, the analyses were made as follows. Fifteen 
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leaves were removed from 15 different plants and 
divided into three samples of 5 leaves each. One leaf 
punch was taken from the distal 5 em of each leaf 
with a 7 x 52-mm steel die and each sample of 5 leaf 
punches was analyzed for carotenoids or chlorophylls. 
When the samples were analyzed for carotenoids, the 
pigments were extracted with methanol, the chloro- 
phylls saponified and the carotenoids transferred to 
a mixture of ethyl ether and petroleum ether. The 
caroienols were chromatographically resolved into in- 
dividual components on a magnesia column, while 
the carotenes passed through the column and were 
recovered as a binary mixture in the perculate. 
Samples analyzed for chlorophylls were extracted 
with methanol and the chlorophylls transferred to 
petroleum ether. The chlorophylls were separated 
from the carotenoids and resolved into chlorophyll a 
and chlorophyll b by chromatographing the petro- 
leum ether solution on a starch column. Protochlo- 
rophyll a was extracted from the leaf samples and 
chromatographically isolated by the method of Koski 
and Smith (12). The amounts of chlorophyll a, 
chlorophyll b, protochlorophyll a, lutein, violaxanthin 
b, and flavoxanthin c were calculated from the ab- 
sorbance, at their respective maxima, and the specific 
absorption coefficients given by Zscheile and Comar 
(17), Strain (14) and Koski and Smith (12). The 
amounts of beta carotene and neo-beta carotene were 
calculated from the absorbance of the binary solution 
by the method of Beadle and Zscheile (2). 


EXPERIMENTAL AND RESULTS 


PIGMENT CONTENT OF DaRK-GROWN MUTANT AND 
NorMaL SEEDLINGS: When grown at 25°C, 7-day- 
old dark-grown mutant seedlings are pale-yellow in 
color, while dark-grown normal seedlings are bright- 
yellow in color. This observation suggests that the 
concentration of carotenoids in the mutant seedlings 
is less than in the normal seedlings. However, it 
does not indicate how much less carotenoid is present 
and which carotenoid pigments are affected. There- 
fore, the pigment content of 7-day-old dark-grown 
mutant and normal seedlings was determined. The 
results are shown in table I. In the mutant seedlings 
the concentrations of flavoxanthin c, lutein, viola- 
xanthin b, and protochlorophyll a are less than in 
the normal seedlings, while the concentrations of neo- 
beta carotene and beta carotene are the same in both 
types of seedlings. 
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TABLE I 


Prastip PIGMENT CONTENT oF 7-Day-Otp LicHt-Grown AND Dark-GrowN 
Mutant AND NorMat Corn SEEDLINGS 


LiIGHT-GROWN SEEDLINGS 


DARK-GROWN SEEDLINGS 


PIGMENT 
NorMaL MUutTANT NorMAL Mutant 
ugm pigment/gm dry wt of leaf 

Flavoxanthin ¢ 110+ 8.0* 62 + 5.0 130+ 6.2* 73 + 3.0 
Lutein 432+ 25.0 206 + 9.0 490 + 14.0 247 + 6.0 
Violaxanthin b 67+ 6.0 42+ 4.0 184+ 40 107 + 5.0 
Beta Carotene 514+ 29.0 74 + 3.0 81+ 41 82 + 6.0 
Neo-beta Carotene 126+ 14 36+ 1.0 w= 32 79 + 2.0 
Protochlorophyll a 55+ 9.0 6+ 40 
Chlorophyll a 5760 + 180.0 0 sere os 
Chlorophyll b 840+ 23.0 0 


* Mean plus-or-minus the standard error of the mean. 


analysis was carried out on a pool of 5 leaf samples. 


PIGMENT CONTENT OF LIGHT-GROWN MUuUtTANT 
AND NorMAL SEEDLINGS: When grown in the light at 
25° C 7-day-old mutant seedlings are pale-yellow in 
color and their normal siblings are deep-green in 
color. The deep-green color of the normal sibling 
masks the color due to the carotenoids, making it im- 
possible to visually compare the carotenoid content 
of the mutant to that of the normal seedlings. How- 
ever, quantitative, chromatographic pigment analyses 
of both normal and mutant seedlings reveal that the 
carotenoid content, as well as the chlorophyll con- 
tent, of the mutant is different from that of the nor- 
mal seedling. The pigment content of 7-day-old mu- 
tant and normal seedlings, grown in the light at 25° 
C, is shown in table I. As in dark-grown plants, the 
flavoxanthin c, lutein, and violaxanthin b content of 
the mutant seedlings is less than that of the normal 
seedlings. However, in contrast to the dark-grown 
material, the light-grown mutant plants also contain 
less neo-beta carotene and beta carotene than do the 
light-grown normal seedlings. The normal seedlings 
also contain large amounts of chlorophyll a and chlo- 
rophyll b, while these compounds are not detectable 
in the light-grown, 7-day-old mutant plants. It is 
also noteworthy that the amounts of carotenols 
found in both mutant and normal seedlings is less in 
light-exposed than in dark-grown plants. This de- 
crease in the carotenol content in the light-exposed 
plants is due mainly to a large decrease in viola- 
xanthin content. 

PIGMENT CHANGES IN DarRK-GROWN AND LIGHT- 
ExposeD Mutant AND NorRMAL SEEDLINGS: Mutant 
seedlings grown in the light at 25°C begin to turn 
green in color when they are about 8 days of age and 
soon they become phenotypically indistinguishable 
from the normal seedlings. If accumulation of the 
carotenoids, as well as the chlorophylls, is controlled 
by the mutant gene it would seem reasonable to ex- 
pect the carotenoid content of the mutant seedlings, 
as well as the chlorophyll content, to increase when 
the seedlings are about 8 days of age. To test this 
hypothesis two experiments were carried out. 

In the first experiment mutant and normal seed- 


The values are the means of three analyses. Each 


lings were grown in darkness for 14 days and carote- 
noid determinations were made from samples taken 
every 24 hours, starting with 6-day-old seedlings. 
Protochlorophyll a analyses were also made on 6- 
and 10-day-old seedlings. In the second experiment, 
mutant and normal seedlings were grown in darkness 
at 25°C for 6 days and then exposed to continuous 
light. Carotenoid and chlorophyll determinations 
were made from samples taken 0 and 6 hours after 
exposure to light and thereafter at 24-hour intervals. 
In each experiment the changes in the components 
within each class of pigments (carotenols, carotenes 
and chlorophylls) followed similar courses. There- 
fore, the data are shown in figures 1 and 2 as total 
carotenols (flavoxanthin ¢c, violaxanthin b, and lu- 
tein), total carotenes (neo-beta carotene and beta 
carotene) and total chlorophylls (chlorophyll a and 
chlorophyll b). 

The data from the first experiment are shown in 
figure 1. Six days after planting, the carotenol con- 
tent of dark-grown mutant seedlings is 60 % and the 
protochlorophyll a content 10 % of that found in the 
normal seedlings, whereas the carotene content of the 
mutant seedlings does not differ from that of the 
normal seedlings. The carotenol content of the dark- 
grown normal seedlings increases between the sixth 
and eighth days after planting and thereafter it de- 
clines. On the other hand, the carotenol content of 
the dark-grown mutant seedlings remains the same 
between the 6th and 8th days after planting and 
then it slowly increases. In both dark-grown mutant 
and dark-grown normal seedlings the carotene con- 
tent increases between the sixth and eighth days 
after planting and thereafter it slowly decreases. 
The protochlorophyll a content of dark-grown nor- 
mal plants does not change between the sixth and 
tenth days after planting, whereas in dark-grown mu- 
tant seedlings it increases. Thus, in dark-grown mu- 
tant seedlings both carotenols and protochlorophyll a 
begin to increase at the time the mutant block is 
broken, however an increase in carotene content does 
not occur at this time. In fact, the pattern of caro- 
tene accumulation in the mutant seedlings is almost 
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identical to that in the normal seedlings. This sug- 
gests that the mutant gene controls the formation of 
the protochlorophyll a and the carotenols, but not 
the carotenes. 

Pigment changes in plants exposed to light seven 
days after planting are shown in figure 2. Within 5 
hours after exposure to light, appreciable quantities 
of chlorophyll are found in normal plants; whereas 
no chlorophyll is detectable in light-exposed mutant 
seedlings until after 44 hours of exposure to light 
(approximately 8 days after planting). However, 
once chlorophyll is formed in the mutant its accumu- 
lation follows a pattern similar to that of the normal, 
and the maximum chlorophyll content is comparable 
to the maximum amounts found in the normal seed- 
lings. This was true for both chlorophyll a and 
chlorophyll b. Upon exposure of the dark-grown 
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Fic. 1. Carotenol, carotene and protochlorophyll a 
accumulation in dark-grown mutant and normal corn 
seedlings. Determinations were started 6 days after 
planting. Carotenol content is the sum of lutein, flavo- 
xanthin ec and violaxanthin b. Carotene content is the 
sum of beta and neo-beta carotene. 
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Fic. 2. Carotenol, carotene and chlorophyll accumu- 
lation in light-exposed mutant and normal corn seed- 
lings. Seedlings were grown in darkness for 6 days and 
then exposed to continuous light. Determinations were 
started 6 days after planting. The carotenol content is 
the sum of flavoxanthin c, violaxanthin b and lutein. 
The carotene content is the sum of beta and neo-beta 
carotene and the cholorophyll content is the sum of 
chlorophyll a and chlorophyll b. 


plants to light there is a decrease in the carotenol 
content of both mutant and normal seedlings. As in- 
dicated earlier this decrease in carotenol content is 
mainly due to a large decrease in the concentration 
of violaxanthin b. The carotenol content of the nor- 
mal seedlings decreases for about 98 hours and then 
slowly increases. In the mutant seedlings the carote- 
nol content decreases for the first 47 hours after ex- 
posure to light and then it increases. The carotene 
content of normal seedlings increases within 6 hours 
following exposure to light and continues to increase 
in a manner paralleling chlorophyll formation for the 
next 66 hours, thereafter it remains relatively con- 
stant. On the other hand, the carotene content of the 
mutant seedlings decreases during the first 29 hours: 
after exposure to light and no increase is evident until 
after 47 hours of exposure to light (8 days after 
planting). Once the carotene content of the mutant 
begins to increase, its accumulation, as in the normal 
seedlings, parallels that of chlorophyll and the caro- 
tene content becomes comparable to that of the nor- 
mal seedlings. 
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It thus appears that the light-exposed mutant 
plants cannot begin to accumulate carotenes, carote- 
nols or chlorophylls in amounts comparable to those 
found in light-exposed normal seedlings until ap- 
proximately 8 days after planting. This implies that 
in light-exposed mutant seedlings the mutant gene 
controls the formation of the carotenols, carotenes 
and chlorophylls. However, if this is the case, 
carotenols and carotenes should not be present in the 
mutant leaves prior to 8 days after planting. It 
seemed possible that the endosperm might provide 
precursors for carotenoid and chlorophyll formation, 
which lie beyond the mutant block. Such precursors 
could readily give rise to the amounts of carotenoids 
and protochlorophyll a found in the mutant prior to 
8 days after planting. 

PIGMENT CONTENT OF ENDOSPERMLESS DarK- 
GrowN Mutant NorMaL SeepiinGs: Embryos 
were dissected from corn seeds and grown in the 
dark at 25°C on a sterile mineral solution (6) to 
which 0.15 mole of glucose per liter and 0.75 % agar 
were added before sterilization (10, 15). Intact 
seeds were germinated on the same medium to serve 
as controls. Plants developing from the excised em- 
_ bryos were small and had elongated leaves. In gen- 
eral, they resembled etiolated oat seedlings. The 
mutant plants were cream-white in color, while the 
normal plants were pale-yellow in color. Eight days 
after transfer of the embryo to the culture medium, 
the entire first and second leaf blades were analyzed 
for carotenols, carotenes and protochlorophyll a. 
The results of the analyses are given in table II. 

Protochlorophyll a was not detected in the leaves 
of endospermless mutant seedlings, but it was pres- 
ent in unreduced amounts in the leaves of the endo- 
spermless normal seedlings. The carotene content of 
the endospermless mutant and normal seedlings was 
less than that of plants grown from intact seeds, and 
on both a percentage and absolute basis the reduc- 
tion was the same in mutant and normal seedlings. 
The carotenol content of the endospermless mutant 
and normal seedlings was also less than that of 
plants grown from intact seeds and on an absolute 
basis the reduction was the same in both mutant and 
normal plants. However, on a percentage basis the 
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reduction in the mutant seedlings was 92 %, while in 
the normal it was only 48%. These data indicate 
that there is an endosperm factor that contributes to 
carotenoid and protochlorophyll a production in 
maize seedlings. Apparently, in 8-day-old mutant 
seedlings, carotenol production is almost completely 
dependent upon this endosperm factor and proto- 
chlorophyll a production is completely dependent 
upon it. In contrast, earotene production in the mu- 
tant, as in the normal, is only partially dependent 
upon this endosperm factor. 


DISCUSSION 


In this discussion the carotenols (flavoxanthin c, 
violaxanthin b and lutein) will be considered as a 
group, since the changes in the individual carotenols 
paralleled each other and they are all hydroxylated 
carotenes (16). Beta carotene and neo-beta carotene 
will also be considered as a group, as the changes in 
neo-beta carotene and beta carotene followed the 
same pattern and they are isomeric hydrocarbons. 

It is evident from the pigment analyses that the 
mutant seedling is different in color from the normal 
seedlings because of a deficiency in certain plastid 
pigments. When grown in darkness mutant seedlings 
are pale-yellow, whereas normal seedlings are bright- 
yellow. This is due to the decreased carotenol con- 
tent of the mutant seedlings. Mutant seedlings grown 
in the light lack chlorophyll and contain less carote- 
nols and ecarotenes than do normal seedlings. Thus 
they are pale-yellow in color while normal seedlings 
are green in color. Dark-grown, endospermless mu- 
tant seedlings are cream-white in color as contrasted 
to pale-yellow endospermless normal seedlings. This 
is because the endospermless mutant seedlings contain 
almost no carotenols. 

Frank (8, 9) and others have suggested that the 
carotenoids and the phytyl portion of the chlorophyll 
molecule probably arise from colorless precursors com- 
mon to both. On the basis of the unitary action of 
the gene (3-5), genetical evidence also indicates that 
the carotenoids and chlorophylls are closely inter- 
related in their biosynthesis, since many single genes 
are known to affect the presence of the carotenoids as 
well as the chlorophylls. 


TABLE II 


PIGMENT CONTENT OF ENDOSPERMLESS, 8-Day-OLp, DAarK-GrowNn 
Mutant AND NorMAt Corn SEEDLINGS 


NorMAL Mutant 
PIGMENT 
WITH ENDOSPERM WITHOUT ENDOSPERM WITH ENDOSPERM WITHOUT ENDOSPERM 
ugm pigment/gm fresh wt of leaf 
Flavoxanthin 6.4 + 0.47* 3.0 + 0.50 3.3 + 0.20 0.30 + 0.10 
Violaxanthin b 8.5 + 0.19 49 +065 4.5 + 0.40 0.40 + 0.10 
Lutein 31.0 + 0.90 16.0 + 0.68 16.5 + 0.40 12 +0.10 
Beta Carotene 3.2+ 0.14 10 +031 3.1+0.11 12 +011 
Neo-Beta Carotene 18+ 0.10 0.45 + 0.10 15+ 0.01 0.51 + 0.02 
Protochlorophyll a 24+ 0.10 19 + 0.20 < 0.50 0 


* Mean plus-or-minus the standard error of the mean. The values are the means of three analyses. 


Sy 


KAY AND PHINNEY—PIGMENT FORMATION 419 


In the present study the action of a single gene 
upon the accumulation of chlorophylls and carote- 
noids was investigated. Although the data do not 
indicate which step in the pathway of plastid pigment 
synthesis was affected by the mutant gene, they do 
provide information about the position of the mutant 
block relative to the production of carotenes, carote- 
nols and chlorophylls. 

During the first 8 days after planting, the mutant 
seedlings are devoid of chlorophyll when grown in the 
light, and when grown in darkness they contain only 
a very small amount of protochlorophyll a. This 
might imply that the mutant seedling is unable to 
accumulate chlorophyll because of an excessive de- 
struction of protochlorophyll a. However, when endo- 
spermless mutant seedlings are grown in darkness they 
are devoid of protochlorophyll a. Therefore, it ap- 
pears more likely that the protochlorophyll a found 
in the dark-grown mutant is derived from an endo- 
sperm factor which is independent of the mutant gene 
and that there is a block in chlorophyll synthesis prior 
to the formation of protochlorophyll a.. The pigment 
analyses also show that, during the first 8 days after 
planting, the carotenol content of the mutant is al- 
ways less than that of the normal. Although 7-day- 
old dark-grown mutant seedlings contain a relatively 
large amount of carotenol, 8-day-old dark-grown 
endospermless mutant seedlings contain virtually no 
carotenols. This strongly suggests that the carotenols 
found in the mutant seedlings, during the first 8 days 
after planting are derived from an endosperm factor. 
This endosperm factor appears to be independent of 
the mutant gene, since it contributes equally to 
carotenol synthesis in both the mutant and normal 
seedlings. 

Additional evidence for the control of both chloro- 
phyll and carotenol production by the mutant gene is 
found in the unique reversion of the mutant seedlings 
to a normal phenotype. About 8 days after planting, 
the mutant block is apparently broken and both dark- 
grown and light-exposed mutant seedlings begin to 
accumulate carotenols and chlorophylls (or proto- 
chlorophyll a). This would be expected if the mutant 
gene blocks carotenol and chlorophyll formation at a 
common point in their synthesis. 

The accumulation of the carotenes does not appear 
to be under the control of the mutant gene. In dark- 
grown mutant plants the carotene content is equal to 
that of the normal seedlings and the pattern of caro- 
tene accumulation is the same as in the normal seed- 
lings. Likewise dark-grown, endospermless mutant 
seedlings contain as much carotene as dark-grown, 
endospermless normal plants. Thus it appears that 
carotene is synthesized by the mutant seedlings. On 
the other hand, prior to 8 days after planting, normal 
seedlings exposed to light contain much more carotene 
than do mutant plants. This implies that in light- 
exposed mutant seedlings the synthesis of carotenes, 
as well as chlorophylls and carotenols, is controlled by 
the mutant gene. However, the control of carotene 
synthesis by the mutant gene in light-exposed mutant 
seedlings, may be an indirect effect. Bandurski (1) 


has indicated that photosynthetic products are neces- 
sary for the production of large amounts of carotene. 
The exposure of mutant seedlings to light, prior to 
eight days after planting, does not give rise to chloro- 
phyll synthesis and thus the products of photosynthe- 
sis are not available for increased carotene produc- 
tion. Therefore it seems likely that the mutant gene 
blocks the synthesis of the chlorophylls (or proto- 
chlorophyll a) and the carotenols, while the synthesis 
of carotenes, in light-exposed mutant seedlings, is in- 
directly affected by a lack of photosynthetic products 
due to the inability of the mutant seedlings to synthe- 
size chlorophyll. 

If the phytyl portion of the chlorophyll molecule 
and the carotenoids arise from common precursors it 
seems possible that the mutant gene may interfere 
with the hydroxylation of a common hydrocarbon chain 
from which arise phytol and the carotenols, whereas 
the carotenes could be formed from this hydrocarbon 
chain prior to its hydroxylation. Such a common 
metabolic pathway, in which the formation of caro- 
tene hydrocarbons precedes hydroxylated carotenoids, 
would be in agreement with the suggested order for 
the synthesis of carotene and carotenols in the yeast, 
Rhodotorula (7). 

The reversion of the mutant seedlings to the nor- 
mal phenotype has been discussed in a previous paper 
(13). 


SUMMARY 


1. It was shown by chromatographic pigment 
analyses that the seedling mutant, pale-yellow-1, is 
devoid of chlorophyll a and chlorophyll b when grown 
in the light. When grown in darkness it contained 
only 10 % of the amount of protochlorophyll a found 
in dark-grown normal seedlings. In addition, light- 
grown mutant seedlings were found to contain less 
carotenes and carotenols than were present in the nor- 
mal seedlings. On the other hand, although dark- 
grown mutant seedlings contained less carotenols than 
normal seedlings, the same amounts of carotene were’ 
found in both mutant and normal seedlings. 

2. Eight-day-old, endospermless mutant seedlings 
contained no protochlorophyll a and virtually no 
carotenols, while the carotene content was equal to 
that found in endospermless normal seedlings. This 
was interpreted to mean that the protochlorophyll a 
and the carotenols found in the mutant seedling, prior 
to 8 days after planting, are derived from an endo- 
sperm factor, while carotene production is not com- 
pletely dependent upon this factor. This endosperm 
factor also contributed to the production of carotenols 
and carotenes in the normal seedlings. 

3. It was found that, 8 days after planting, the 
mutant block is apparently broken. At this time the 
light-exposed mutant seedlings begin to accumulate 
chlorophyll, carotenols and carotenes, whereas the 
dark-grown mutant seedlings begin to accumulate 
protochlorophyll a and carotenols, but not the caro- 
tenes. 

4. The interrelationship of the chlorophylls and 
the carotenoids were discussed in terms of the action 
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of the mutant gene. It was suggested that the gene 
may be operating on a common pathway for the syn- 
thesis of the chlorophylls and carotenoids, at a posi- 
tion after the synthesis of carotenes, but before the 
synthesis of the carotenols and the phytyl portion of 
the chlorophyll molecule. 


The authors wish to thank Dr. E. G. Anderson, 
Professor of Genetics, California Institute of Technol- 
ogy, Pasadena, California, for providing most of the 
seed used in these experiments. 
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In a previous study (11) it was found that the 
rate of oxidation of a-ketoglutarate by a mitochon- 
drial preparation from sweet potato roots was con- 
siderably enhanced when diphosphothiamine, diphos- 
phopyridine nucleotide, and coenzyme A were added 
to a basic reaction mixture of adenylate, magnesium, 
and glucose in a phosphate buffer at pH 7.0. It was 
of interest, therefore, to examine the phosphorylative 
capacity of this reconstituted a-ketoglutarate oxidase. 
The specific purpose of this paper is to report the 
conditions that have been found for optimum oxida- 
tive phosphorylation and the effects of some inhibi- 
tors on oxygen and phosphorus uptakes by the par- 
ticulate fraction of the sweet potato. 


MATERIALS AND METHODS 


Key West sweet potatoes (/pomoea batatas Poir) 
were used in these experiments. The mitochondria 
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were prepared by the methods outlined in another 
paper (11). The final mitochondrial pellet was sus- 
pended in 10 ml of 0.5 M sucrose instead of 6 ml as 
used for the studies on cofactor requirements. Assay 
of oxidative activity by Warburg techniques and 
nitrogen determinations were carried out as already 
described (11). Inorganic phosphorus was deter- 
mined by the method of Bernhart and Wreath (2). 
Each experiment was conducted at least 3 times and 
the data reported are averages from these experi- 
ments. 


RESULTS 


EFFECTS OF PHOSPHATE AND HEXOKINASE ON 
OXIDATIVE PHOSPHORYLATION: Rates of oxidation 
and phosphorylation were studied in increasing con- 
centrations of phosphate in the presence and ab- 
sence of hexokinase. Phosphorus was determined im- 
mediately after the addition of the mitochondria to 
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the reaction mixture (zero-time) by rapidly with- 
drawing a 1-ml aliquot of the reaction mixture and 
pipetting into cold 1M trichloroacetic acid (TCA). 
A second aliquot was removed and treated similarly 
after 30 minutes at 25°C. The denatured enzymes 
were precipitated by centrifugation, and an aliquot 
of the supernatant was assayed for inorganic phos- 
phorus. The difference in phosphorus content be- 
tween the “30-minute” and the “zero-time” samples 
was ascribed to the incorporation of inorganic phos- 
phorus into the organic form. 

Phosphate concentrations of 30 micromoles per 3 
ml resulted in high oxygen uptake irrespective of the 
presence of hexokinase (fig 1). With higher concen- 
trations of phosphate little or no further increase in 
oxygen uptake was noted. The presence of hexo- 
kinase caused a significant increase in oxidation at 
the two lowest phosphate levels. This indicates that 
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PHOSPHATE CONCENTRATION IN REACTION MIXTURE (am) 
Fic. 1. Oxidative phosphorylation in the a-ketoglu- 
tarate system at different levels of phosphate in presence 
and absence of hexokinase (30-minuate experiment). 
Concentration of phosphate is in «M/3 ml. 


at low phosphate levels the uptake of oxygen is more 
closely coupled to the phosphorylating system. 
Phosphorus uptake was considerably increased 
with increase in phosphate concentrations in the 
range of 0 to 30 micromoles in the medium. How- 
ever, as the concentration of phosphate was increased 
from 30 to 90 micromoles, there was little further in- 
crease in phosphorus uptake. The actual quantities of 
phosphorus incorporated into organic form in the 30 to 
90 micromole range were approximately 75 to 100 % 
greater in systems containing hexokinase than in the 
controls. There was much greater response to hexo- 
kinase in phosphorus uptake than in oxygen uptake. 
This can be explained on the basis of higher phos- 
phorylative efficiency in the presence of hexokinase 
resulting perhaps in less loss due to phosphatase. 
Errect OF ETHYLENEDIAMINE TETRAACETIC ACID 
(EDTA) IN THE PREPARATIVE MeEpiuM: It was re- 
ported that the chelating agent EDTA stimulated 
the oxidative activity of mitochondria obtained from 
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TABLE | 


COMPARISON OF OXIDATION AND PHOSPHORYLATION BY 
Sweet Potato MiTocHRONDRIA * 


Mato- Pup- Ovp- 
PREPARATION MEDIUM P/O 

M atoms atoms 
Sucrose (0.5 M) 0 23.7 118 2.0 
“+ EDTA (0.01 M) 0 36.0 168 22 
Sucrose (0.5 M) 0.01 15.1 5.7 2.7 
“+ EDTA (0.01 M) 0.01 29.6 89 3.3 


*The reaction mixture contained: 0.5M_ sucrose, 
0.02M PO,, 0.001M AMP, 0.02M glucose, 0.006 M 
Mg. 0.02 M a-ketoglutarate, 1 mg hexokinase, 3.3 x 10* M 
DPN, 66x10°M DPT, 3.9x10°M CoA, 0. ml mito- 
chondrial suspension containing approximately 0.5 mg 
protein N; total volume 3 ml; pH 7.1; temp. 25°C; 
gas phase, air. 


Avena seedlings (17) and from broccoli buds (12) 
and stabilized oxidative phosphorylation mediated by 
heart muscle sacrosomes (16). Hence the activity of 
mitochondria prepared in EDTA-sucrose was com- 
pared with that in sucrose alone. It can readily be 
seen (table I) that preparation in EDTA-sucrose 
considerably increased both oxygen and phosphorus 
uptake. Phosphorus uptake was increased approxi- 
mately 50 % in treatments without malonate and ap- 
proximately 100% in the malonate treatments. 
Oxygen uptake was increased approximately 50% 
in both treatments. 

On the basis of these data all subsequent mito- 
chondrial preparations were homogenized in 0.5M 
sucrose +0.01M EDTA. In the reaction mixture 
the phosphate content was 60 micromoles for experi- 
ments of 30 to 40 minutes’ duration and 90 micro- 
moles for experiments of 1 hour’s duration. In all 
cases 1 mg of hexokinase (Pabst) was also supplied 
to each vessel. 

Rate oF OXIDATIVE PHOSPHORYLATION: The pur- 
pose of the next series of experiments was to deter- 
mine the time course of phosphorus and oxygen up- 
take during 1 hour’s oxidation under optimum con- 
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Fic. 2. Rate of oxidation and phosphorylation in the 
a-ketoglutarate system by sweet potato mitochondria in 
presence and absence of malonate. 
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ditions. Presumably if the system were complete the 
rates of oxidative phosphorylation would be reason- 
ably constant for a considerable period of time. 
Malonate was added to half of the experimental 
flasks to limit the oxidation essentially to the single 
step, a-ketoglutarate to succinate. 

From the data in figure 2 it is evident that oxida- 
tion and phosphorylation continued at constant rates 
during a 65-minute period, both in the presence and 
in the absence of malonate. Malonate inhibited 
phosphorylation by approximately 15 % and oxygen 
uptake by approximately 30%. In the absence of 
malonate approximately 60 micromoles of phosphorus 
were incorporated during 1 hour of oxidation. The 
P/O ratios were approximately 2 in the absence of 
malonate and approximately 2.5 in its presence. 

EFrrect OF DINITROPHENOL (DNP): The effect of 
DNP as a uncoupler of oxidative phosphorylation has 
been studied by many workers in both animal and 
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plant systems (3, 4, 7, 9). It was of interest to see 
whether the classical effect of this substance could be 
demonstrated in the sweet potato mitochondrial 
system. The effect of various concentrations of DNP 
on oxygen and phosphorus uptake during the oxida- 
tion of a-ketoglutarate in these systems is shown in 
figure 3. 

At all the concentrations tried, which included the 
range from 1x10°M to 5x10+*M, there was ap- 
parently little consistent change in oxygen uptake as 
compared with that in the control. A DNP con- 
centration of 1x10¢*M inhibited phosphorus up- 
take about 25 %, while concentrations of 3 x 10+ M, 
and 5x 10¢M DNP inhibited it about 60%. 

If DNP inhibits all the phosphorylation occurring 
in the electron transport chain (9), the phosphorus 
uptake of 17 micro-atoms at 3 x 10 M DNP may be 
considered as substrate-level phosphorylation plus 
whatever had been lost by phosphatase activity. On 
this basis the total theoretical phosphorus uptake in 
the control should be 68+ micro-atoms since the 
theoretical P/O ratio is 4. However, the experi- 
mental value of phosphorus uptake in the control was 
only 38 micro-atoms with a P/O ratio of 1.7. Ap- 


TABLE II 


Errect or DNP on Rate or OxyYGEN UPTAKE DURI\ 
30-MINUTE OXIDATION * 


RATE OF OXYGEN UPTAKE 


5-10 10-20 20-30 
MIN MIN Min 


ul/hr (extrapolated) 


444 
264 
252 
336 
372 


* Reaction mixture same as in table I. 


parently part of the electron-transport chain was not 
phosphorylating. The DNP concentrations effective 
in inhibiting phosphorylation did not seem to cause 
concomitant increase in oxygen uptake. On the other 
hand, when the rates were calculated for different 
intervals during the experiment, DNP did cause 
accelerated oxygen uptake, as can be seen in table 
II. After 20 minutes, the two concentrations that 
most effectively inhibited phosphorus uptake also 
markedly accelerated oxygen uptake. Since there 
was considerable inhibition of oxygen uptake during 
the first 10 minutes, in the presence of DNP, the true 
picture of oxygen uptake is distorted if one considers 
total uptake during a 30-minute experiment. The 
accelerating effect of DNP on oxidation was more 
readily seen when the time course of oxygen uptake, 
in the presence of 3 x 10-* M DNP, was studied dur- 
ing a 60-minute experiment (fig. 4). 


3x 10M 
7 
/ 
70 


PATOMS O UPTAKE 


10 20 30 40 
MINUTES 
Fic. 4. Effect of DNP on the rate of uptake of oxygen 
during the oxidation of a-ketoglutarate. 


M x 10" 
0 432 438 
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3 456 606 
1 408 390 
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TABLE III 
Errect oF VARIOUS CONCENTRATIONS OF CATECHOL ON 
OXIDATION AND PHOSPHORYLATION IN THE a- 
KETOGLUTARATE SYSTEM 

Conc, CATECHOL O UPTAKE P UPTAKE P/O 
M x atoms atoms 

28.6 49.7 17 
1 23.0 46.5 2.0 
3 27.0 49.0 18 
10 3.2 0.0 0.0 
30 16 0.0 0.0 
60 0.0 0.0 0.0 


* Reaction mixture same as in table I. 


EFFECT OF POLYPHENOLS ON OXIDATIVE PHOs- 
PHORYLATION DURING THE OXIDATION OF a-KETO- 
GLUTARATE: In view of the pronounced effect of DNP 
in uncoupling oxidation from phosphorylation, it had 
been postulated (13) that natural substances in the 
cell may function similarly as uncouplers, especially 
during senescence. Akazawa and Uritani (1) re- 
ported that chlorogenic acid, a natural polyphenolic 
substance in sweet potatoes (15), uncoupled oxidation 
from phosphorylation during the oxidation of a Krebs 
cycle intermediate. We decided, therefore, to use 
catechol, a simple polyphenolic substance, to test the 
effect of polyphenols on the oxidation of a-ketoglu- 
tarate by the sweet potato mitochondria in the com- 
plete system. 

Concentrations of catechol up to 3x 105M had 
no effect on oxidation or phosphorylation (table III). 
However, concentrations of 10 M and higher almost 
completely inhibited both oxidation and phosphoryl- 
ation. Since catechol is very easily oxidized to the 
quinone form it seemed plausible to assume that 
oxidation of catechol occurred and was related to 
the inhibition of oxidative phosphorylation in these 
systems. The mitochondria exhibited some poly- 
_phenolase activity indicating that catechol could be 
oxidized by the mitochondria. 

When ascorbic acid, which can keep the poly- 


TABLE IV 


EFFEcT OF POLYPHENOLS AND POLYPHENOLS PLUS 
Ascorsic ACID ON OXIDATION AND PHOSPHORYL- 
ATION IN THE a-KETOGLUTARATE SYSTEM * 


FLASK CONTENT Ovptake PuptakeE P/O 


patoms ywatoms 
Control 15.1 27.0 18 

ascorbic acid 

(3 x 10°* M) 10.9 226 21 
“+ eatechol 

(3 x 10°* M) 11 26 
+ catechol + 

ascorbic acid 14.1 31.7 22 


+ chlorogenic acid 

(3 x 10°* M) 2.2 0.0 
+ chlorogenic and 

ascorbic acids 158 27.6 17 


*Duration of the experiment 30 min. Reaction 


mixture of the control same as in table I. 
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phenol in the reduced state, was added to the com- 
plete a-ketoglutarate system containing catechol, the 
inhibitory effect was prevented (table IV). Sub- 
stitution of chlorogenic acid for catechol in these 
experiments gave identical results (table IV). From 
these data it was concluded that the oxidized poly- 
phenols (quinones) or their polymerization products 
strongly inhibited oxidative phosphorylation in the 
a-ketoglutarate system and that the reduced form of 
the polyphenol was innocuous. 

It was still not clear whether the oxidation of the 
polyphenols was spontaneous or enzymatic. An at- 
tempt was made to study this by addition of di- 
ethyldithiocarbamate (DIECA), a chelating agent 
which inhibits copper enzymes (8), to the flasks con- 
taining catechol and the a-ketoglutarate-oxidase sys- 
tem. In the presence of DIECA there was no in- 
hibition of the a-ketoglutarate system by catechol 
(table V). This can be interpreted to mean that the 
inhibition of a-ketoglutarate oxidation by catechol is 
dependent on the oxidation of catechol by poly- 
phenolase or copper. There was probably no free 


TABLE V 


Errect or DIECA on CatEecHOL INHIBITION OF THE 
a-KETOGLUTARATE SYSTEM 


FLASK CONTENT Qo, (N) 
Control* 564 
—+DIECA (6x 10° M) 627 
+eatechol (3 x M) 0 
eatechol + DIECA 520 


* Reaction mixture same as in table I. 


copper present, since the mitochondrial preparations 
were made in the presence of EDTA and all solutions 
were prepared with doubly glass-distilled water. 
Therefore, it seems that catechol was oxidized by 
polyphenolase. However, the possibility of oxidation 
by a metal-protein-bound moiety exists. 


Discussion 


Attempts have been made by plant biochemists 
to obtain high efficiencies of phosphorylation similar 
to those reported for animal tissue (7, 9). With 
mung bean (4) the P/O ratio was found to be 1, 
while for the avocado (3) and the cauliflower (10) 
occasional values exceeding 2 were reported. Re- 
cently a P/O of 3.0 was obtained for lupine mito- 
chondria (5). This study with sweet potato indicates 
that consistently good rates of phosphorus uptake can 
be achieved with a _ reconstituted mitochondrial 
preparation. Although, in the one-step oxidation 
from a-ketoglutarate to succinate, P/O ratios ap- 
proaching 3 were obtained, the evidence from DNP 
inhibition indicates that nearly half of the phos- 
phorylation takes place at the substrate level. This 
implies that the electron-transport chain is not phos- 
phorylating at maximum capacity. 

The data on inhibition of oxidative phosphoryla- 
tion by polyphenols and its prevention by ascorbic 
acid can be used as a partial explanation of the course 
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of senescence in plant tissue. In the normal active 
cell the oxidation of polyphenols must be coupled to 
a system that immediately reduces the quinone 
formed. Ascorbic acid or similar reducing substances 
may function in this capacity. Darkening due to 
polymerization of quinones is, therefore, not observed 
in young normal cells, though the cells may contain 
polyphenols and polyphenolases. However, if ascorbic 
acid, or other specific reducing systems, is lost dur- 
ing the aging process, quinones would gradually build 
up in the cells. The presence of quinones, which 
rapidly polymerize, results in inhibition of both oxida- 
tion and phosphorylation of the mitochondrial system 
and eventually causes death. 

Ezell and Wilcox (6) presented data showing that 
about 50 % of the ascorbic acid in sweet potatoes was 
lost in storage. Other data indicate that ascorbic 
acid declines in plant tissues with age (14). The 
darkening generally observed when cells are injured 
and exposed to the atmosphere may be due to the 
abundance of oxygen which causes the oxidation of 
the quinone-reducing systems. This consequently 
allows polymerization of quinones. In general darken- 
ing is characteristic of aged tissue. The build-up of 
quinones during the aging process is probably gradual 
and does not become detrimental until a concentra- 
tion of approximately 10 M is reached. The scheme 
suggested proposes a possible role of the polyphenol- 
ascorbic acid systems in senescence which merits 
further study. 

SUMMARY 


A mitochondrial system from sweet potatoes, pre- 
pared in EDTA-sucrose, carried out oxidative phos- 
phorylation at very good rates during oxidation of 
a-ketoglutarate. The oxidation and phosphorylation 
proceeded at constant rates for at least 1 hour. In 
this time approximately 60 micro-atoms of phos- 
phorus were taken up and a P/O ratio of approxi- 
mately 2 was obtained. In the presence of malonate 
the P/O ratios approached 3. 

DNP uncoupled oxidation from phosphorylation 
at concentrations of 1x104*M, 3x10¢*M, and 
5x10*M. Concentrations lower than 1x 
had little effect. 

The polyphenols, catechol and chlorogenic acid, 
in concentrations of 3x 104 M almost completely in- 
hibited phosphorylation and oxidation during the 
dissimilation of a-ketoglutarate by the mitochondrial 
system. This inhibition was prevented by ascorbic 
acid or DIECA, suggesting that the quinone form is 
the inhibitor. 

A scheme which attributes senescence in plant 
cells to interaction of the polyphenol-ascorbiec acid 
systems was proposed. 
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COFACTOR REQUIREMENTS FOR OXIDATION OF ALPHA-KETO ACIDS BY 
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In recent years evidence that suggests the opera- 
tion of the Krebs cycle in plant tissues has accumu- 
lated. Studies by Millerd et al (10), Laties (8), 
Brummond and Burris (4), Biale and Young (3), 
and Smillie (14), have demonstrated that mitochon- 
dria, isolated by differential centrifugation of tissue 
homogenates, can carry out oxidation with con- 
comitant phosphorylation of Krebs cycle acids. 
Davies (5), and Abramsky and Biale (1) have shown 
by chromatographic techniques that the oxidations of 
Krebs cycle acids are, in fact, mediated through the 
Krebs cycle and that pyruvate enters the cycle. 
However, active mitochondria have been isolated from 
plants of few species. Most of the tissues used for 
these studies, except those of Biale and Young (3) 
and Smillie (14), were either juvenile or etiolated. 
There is, therefore, a need to extend the knowledge of 
mitochondrial oxidations to many more plant species 
and to different tissues. The objective of this study 
was to isolate and characterize mitochondria from 
sweet potato roots (Ipomoea batatas Poir.). It was 
hoped that work with a different species and a 
different tissue might throw some additional light on 
mitochondrial activity in plant cells. 

In most metabolic studies with cytoplasmic par- 
ticles from plants the rates of pyruvate oxidation 
were considerably lower than those of the other 
acids. The cofactors used for activating pyruvate 
oxidase were virtually the same as those for malate, 
citrate, ete. The requirement for a primer acid, 
adenylate, and magnesium was established in the 
early investigations. It seemed desirable, therefore, 
_ to explore more fully the relation of some of the less 
commonly used cofactors to the oxidation of keto 
acids. This paper reports the results of such studies. 


MATERIALS AND METHODS 


The sweet potatoes used in these experiments were 
of the Key West variety. Particulate suspensions 
were prepared by the differential centrifugation tech- 
nique as outlined by Biale and Young (3). The roots 
were chilled at 0° C for 1 hour, peeled, grated, and 
200 gm of grated material was homogenized with 
300 ml of 0.5 M sucrose in a Waring blendor. Blend- 
ing was carried out for 2 minutes at 47 volts. The 
homogenate was centrifuged at 1000 x g for 5 minutes 
to precipitate starch, whole cells, cell walls, and other 
large cellular fractions. The supernatant was cen- 
trifuged at 14,000 x g for 15 minutes; the precipitated 
pellet was washed in 20 ml of 0.5M sucrose and 
again centrifuged at 14,000xg for 15 minutes. The 
resulting precipitate was suspended in 6 ml of 0.5M 
sucrose and used as the particulate fraction or the 
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“mitochondrial” preparation. The preparations con- 
tained approximately 0.5 mg N per 0.5 ml of sus- 
pension. Up to this point all manipulations were 
carried out at 0° C. 

The particles were assayed for activity by stand- 
ard Warburg manometric techniques at 25°C with 
air as the gas phase. The volume of the reaction 
mixture was 3 ml and the solutions added to the 
vessels are given in the tables and figures or in the 
appropriate paragraph under “Results.” 

Nitrogen determinations on the isolated mitochon- 
dria were made by Nesslerization of an aliquot of the 
mitochondrial suspension according to the method of 
Thompson and Morrison (17) as modified by Biale 
and Young (3). 

In every case the values reported in the tables 
and figures are averages from at least 3 experiments. 
Abbreviations used are as follows: Qo.(N), pl Oo 
uptake per mg nitrogen per hour; AMP, adenosine 
monophosphate; DPN; diphosphopyridine nucleo- 
tide; CoA, coenzyme A; and DPT, diphosphothi- 
amine. 


RESULTS 


Ox1pDATION OF Kress CycLeE INTERMEDIATES: The 
rates of oxidation of several intermediates of the 
Krebs cycle by the mitochondrial suspension of sweet 
potato are shown in table I. The oxidation values in 
table I compare favorably with those reported for 
other plant tissues for the oxidation of citrate, a- 
ketoglutarate, and succinate (3, 5, 10). However, it 
appeared that the ability to oxidize pyruvate was al- 
most totally lacking in sweet potato mitochondria. 
It, therefore, seemed desirable to study the pyruvate 
oxidase system in the sweet potato. 

CoractorR REQUIREMENTS FOR PyruvATE OxIDA- 
TION: The general scheme for cofactor cycling in the 


TABLE 


Oxipation oF Kress Cycie Acips By SWEET 
Porato MITocHONDRIA * 


SUBSTRATE Qo. (N) 
None 0 
Pyruvate ** 35 
Citrate 216 
a-Ketoglutarate 179 
Succinate 432 


* Reaction mixture consisted of 0.5M_ sucrose, 
0.001 M AMP, 0.02 M glucose, 0.006 M Mg, 0.01 M Po,, 
0.02 M substrate, and 0.5 ml mitochondrial preparation 
containing approximately 0.5 mg N, pH 7.1. 

**The concentration of malate as a primer was 
0.0005 M. 
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OPNH 
Electron 
Transter 
1d-OP Chain 
LipSH, 


CITRATE 


Carbox. 


Tronsocet 


Fic. 1. Scheme for cofactor requirements and cycling 
in the oxidation of pyruvate [after Gunsalus (7)]. Ab- 
breviations are as follows: Carbox, carboxylase; Ald- 
DPT, aldehyde-diphosphothiamine complex; Lip-S:z, oxi- 
dized lipoic acid; Acetyl-S-Lip-SH, acetyl lipoic com- 
plex; Lip-SH:, reduced lipoic acid; Lip. Dehyd., lipoic 
dehydrogenase; Lip. Transacet., lipoic transacetylase ; 
’ HS:CoA, reduced CoA; acetyl-S:CoA, acetyl CoA; 
Cond. Enz., condensing enzyme. TCA-tricarboxylic acid 
cycle. The underlined cofactors were selected for this 
study. 


oxidation of pyruvate, as worked out in soluble sys- 
tems from animal tissues and microorganisms, is pre- 
sented in figure 1. This diagram, adapted from 
Gunsalus (7), indicates that DPT, lipoie acid, DPN, 
CoA, and malate are all involved in pyruvate oxida- 
tion. 


TABLE II 


EFFEcTS OF Coractors INDIVIDUALLY, IN PAIRS, AND 
COLLECTIVELY ON OXIDATION OF PYRUVATE BY 
Sweet Porato MITOCHONDRIA 


CoFACTOR* ADDED TO TH® 


BASIC MIXTURE ** Qo, (N) 
None 20 
DPN 90 
DPT 153 
CoA 16 
Lipoic acid 12 
None 30 
DPT 153 
DPT + DPN 232 
DPT +CoA 119 
DPT +lipoie acid 140 
None 20 
DPN 82 
DPN + DPT 334 
DPN, DPT +CoA 302 
DPN. DPT, CoA +lipoie acid 278 


* Concentrations of the cofactors: DPN 3.3 x 10* M; 
DPN 66x10°M, CoA 39x10°M and lipoic acid 3.3 
x10°M. 

** Content of the basic reaction mixture is om. in 
table I. 
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On the assumption that these cofactors are simi- 
larly concerned in the oxidations by plant mitochon- 
dria, it seemed possible that one or more cofactors 
may have been lost from the mitochondria during 
their isolation. To test this, systematic additions of 
cofactors were made to the basic reaction mixture 
containing the mitochondria and pyruvate as sub- 
strate. The basic reaction mixture contained 0.5 \ 
sucrose, 0.01 M PO, pH 7.1, 0.001 M AMP, 0.02 M 
glucose, 0.006 M Mg, 0.0005 M malate as a “sparker,” 
0.02 M pyruvate, and 0.5 ml of the particulate sus- 
pension. To this basic reaction mixture were added 
singly, doubly, and collectively 3.3x104¢M DPN, 
6.6x 10° M DPT, 3.9x 105M CoA and 10% M 
lipoie acid (kindly supplied by Dr. L. J. Reed of the 
University of Texas). The results of these studies 
are shown in table II. 

These data (table II) show that good oxidation 
of pyruvate was obtained only when DPT and DPN 
were added to the basic reaction mixture. While 
DPT or DPN alone increased activity markedly, the 
simultaneous addition of these two cofactors caused 
an additive increase. The cofactor DPT caused the 


TABLE III 


MAGNESIUM REQUIREMENT FOR PYRUVATE OXIDATION BY 
Sweet Porato MrrocHonpria * 


Me conc. x 10° M Qo, (N) 
0 129 
0.1 133 
1 245 
3 247 
6 213 


* All cofactors added in amounts indicated in table 


greater stimulatory effect. On the other hand, 
neither CoA nor lipoic acid caused any stimulation of 
activity. This indicated that the addition of these 
cofactors was not required for the oxidation of pyru- 
vate by isolated sweet potato mitochondria. 

In all the experiments just reported a magnesium 
concentration of 0.006.M was used as a basie co- 
factor. However, Young and Biale (18) reported 
that magnesium concentrations of 0.006 M strongly 
inhibited pyruvate oxidation by avocado mitochon- 
dria. The magnesium requirement for pyruvate oxi- 
dation in sweet potato was therefore studied (table 
III). According to these data magnesium concen- 
trations greater than 10+ M are required in this sys- 
tem for optimal activity. In subsequent experiments 
a concentration of 10° M magnesium was added to 
the cofactor mixture used to mediate pyruvate oxi- 
dation. 

The importance of adding a primer such as mal- 
ate in the oxidation of pyruvate has been noted by 
Millerd (11), Brummond and Burris (4), Tager (16) 
and others. The purpose of a primer acid is to fur- 
nish a condensing partner for acetyl-CoA so that the 
two-carbon fragment resulting from the oxidative de- 
carboxylation of pyruvate can be introduced into the 


TABLE IV 


PriMer Actp REQUIREMENT FOR PyrRuvVATE OXIDATION 
BY Sweet Porato MITOCHONDRIA 


COFACTOR ADDITION 


Matate conc.x10*M Qo, (N) 
Bas:c * 0 8 
Basic + DPN + DPT 0 12 
Basic 5 20 
Basic + DPN + DPT 5 302 


* For addenda see tables I and II. 


Krebs cycle. This reaction is mediated through the 
condensing exzyme (fig 1), which is presumed to be 
present in the mitochondria. 

Table IV shows that in these systems the priming 
effect of malate was extremely critical. In the ab- 
sence of malate there was no oxidation of pyruvate, 
even though DPN and DPT were present. Con- 
versely, in the presence of the complete basic reac- 
tion mixture including malate, there was virtually no 
oxidation when DPT and DPN were absent. 


OXIDATION OF a-KETOGLUTARATE: After obtaining 
such a striking response to DPT and DPN by the 
pyruvate oxidase system of sweet potato mitochon- 
dria, the importance of these cofactors in the a-keto- 
glutarate oxidase system was studied. Table V 
shows the results obtained. The basic reaction mix- 
ture contained the same cofactors as for pyruvate 
oxidation (including 0.006 M magnesium) except that 
no malate primer was used. It is evident from the 
data that the collective addition of DPT, DPN, and 
CoA to the basic reaction mixture considerably in- 
creased the oxidation rate of a-ketoglutarate by sweet 
potato mitochondria. The addition of CoA alone or 
in combination with DPT caused little increase of 
the oxidative rate. However, when CoA was added 
to DPN and DPT there was a marked increase in 


TABLE V 


Errects or Coracrors INDIVIDUALLY, IN PAIRS, AND 
COLLECTIVELY ON OXIDATION OF a-KETOGLUTARATE 
BY Sweet Porato MITOCHONDRIA 


COFACTOR ADDED TO THE 
BASIC MIXTURE * Qo, (N) 
None 167 
DPN 218 
DPT 316 
CoA 188 
Lipoic acid 174 
None ~ 178 
DPT 316 
DPT +DPN 384 
DPT+CoA 277 
DPT +lipoic acid 249 
None 162 
DPN 224 
DPN + DPT 419 
DPN, DPT+CoA 575 
DPN, DPT, CoA+lipoie acid 575 


* For addenda see tables I and II. 
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TABLE VI 


EFFects oF ARSENITE ON OXIDATION oF a-Keto AciDs * 


SUBSTRATE ARSENITE CONC. x 10 M Qo, (N) 
Pyruvate 0 228 
“ 5 17 
a Ketoglutarate 0 336 
5 21 


* All cofactors added to the reaction mixture (see 
tables I and II). 


oxidation rate, indicating a synergistic effect. In this 
respect the mitochondria reacted differently to the 
addition of CoA when a-ketoglutarate was oxidized 
than when pyruvate was oxidized. This may be ex- 
plained by the considerably higher Qo,(N) obtained 
with a-ketoglutarate (approximately 500) than with 
pyruvate (approximately 300). CoA presumably be- 
came limiting at the higher oxidation levels. 

ARSENITE INHIBITION: With both a-keto acids 
there was no response to the addition of lipoic acid. 
Since arsenite was reported (13) to be a fairly spe- 
cific inhibitor of enzymes containing active disulf- 
hydryl groups such as lipoie acid, the effect of arse- 
nite in the reaction mixture was studied (table VI). 
Arsenite completely inhibited the oxidation of pyru- 
vate and a-ketoglutarate, indicating that a lipoic acid 
like substance is probably present in the sweet po- 
tato mitochondria. 

CHROMATOGRAPHIC EVIDENCE FOR THE OPERATION 
OF THE KREBS CYCLE IN THE SwEET Potato: In or- 
der to obtain direct evidence for the formation of 
Krebs cycle intermediates chromatographic tech- 
niques were used to follow the products of the oxida- 
tive reactions. The reaction mixture in the Warburg 
flasks were chromatographed at zero time (immedi- 
ately after addition of enzyme) and after 120 min- 
utes. After adjustment to pH 5.2, the enzymes were 
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Fic, 2. Diagram of a chromatogram of reaction mix- 
tures containing all cofactors at zero time and after 120 
minutes of oxidation. 


| 
f 
e 
d 
y 
0 
)) 
1e 
1e 


428 


denatured by heating for 2 minutes, and the mixture 
was cleared by centrifugation. The clear solution 
was chromatographed with butanol-5 M formic as 
the developer and bromphenol blue as the indicator, 
according to the method of Lugg and Overell (9). 

Figure 2 shows one of the chromatograms ob- 
tained. At zero time only a spot for the substrate, 
either pyruvate or a-ketoglutarate, was visible. 
However, after 120 minutes of reaction in the War- 
burg vessel the spot for the substrate diminished and 
other spots, which were identified as intermediates of 
the Krebs cycle, appeared. When pyruvate was the 
substrate, spots for citrate and malate appeared. 
When a-ketoglutarate was the substrate, spots for 
citrate, malate, succinate and fumarate appeared. 
In the presence of 0.01 M malonate only succinate 
was visible on the chromatogram. These data 
strongly suggest that the oxidations studied were 
mediated through the Krebs cycle. 


DISCUSSION 


All the cofactors necessary for oxidation of pyru- 

vate, as outlined in figure 1, are accounted for in 
these experiments except CoA. However, evidence 
-from the a-ketoglutarate system implies that suffi- 
cient CoA is present in the mitochondria for the 
level of pyruvate oxidation obtained. The cofactor 
requirements for a-ketoglutarate oxidation are as- 
sumed to be essentially the same as for pyruvate ex- 
cept that no priming acid is needed. A requirement 
for CoA in the a-ketoglutarate system does not be- 
come apparent until DPT and DPN are added and 
the Qo,(N) is approximately 400. Since the level of 
pyruvate oxidation is considerably lower with DPT 
and DPN there is no response to CoA addition. 
Lipoic acid is presumed to be present in the mito- 
chondria from the data on arsenite inhibition. 

Akazawa and Uritani (2) isolated mitochondria 
from sweet potatoes but did not obtain much activity 
with any of the Krebs cycle acids as substrates. The 
data reported herein indicate that an active mito- 
chondrial system can be isolated from sweet potatoes. 
However, these preparations could not oxidize pyru- 
vate at all and oxidized a-ketoglutarate at a fairly 
good rate. The addition of suitable cofactors to the 
reaction mixtures strikingly increased oxidation of 
both substrates. The assumption is that the basic 
structure of the isolated mitochondria necessary for 
these oxidations was intact, since they oxidized the 
substrate at very good rates after the addition of 
suitable cofactors. 

The absence of cofactors from the isolated mito- 
chondria can be explained in one of two ways. It 
can be assumed that the isolating procedure removes 
or destroys the cofactors from the mitochondria by 
solubilization, by extraction, or by other means, 
without altering their basic structure. The function 
of the mitochondria, therefore, appears reversible 
with respect to these cofactors. It is possible that 
the enzymes in question are either on the surface of 

the mitochondria or in the mitochondrial membrane 
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or are in some way made easily accessible to added 
cofactors. The electron microscope photographs of 
Palade (12) and Sjostrand (15) show mitochondrial 
membranes that may well contain enzymes. Ap- 
parently lipoie acid is rather firmly attached and re- 
mains within the mitochondrial framework after iso- 
lation. It is assumed that in vivo the cofactors are 
directly associated with their enzymes in the mito- 
chondria. Another possible explanation is that the 
cofactors are not present in the mitochondria, in 
vivo, but are in the cytoplasmic environment sur- 
rounding the mitochondria in the cell. In this ar- 
rangement there must be rapid and complete interac- 
tion between the enzymes located in the mitochondria 
and their coenzymes in the surrounding cytoplasmic 
medium. This concept is not in agreement with 
Green’s (6) picture of the mitochondria as independ- 
ent integrated enzyme systems (the cyclophorase) 
containing all the necessary cofactors within their 
structure. 


SUMMARY 


Mitochondria isolated from sweet potatoes oxi- 
dized most Krebs cycle acids in the presence of AMP, 
Mg, glucose, and phosphate, but could not oxidize 
pyruvate. The addition of the cofactors DPT and 
DPN to the reaction mixture brought about high 
rates of pyruvate oxidation. . The oxidation of a- 
ketoglutarate was increased more than 200 % by ad- 
dition of DPT, DPN, and CoA. Exogenous lipoic 
acid had no effect with pyruvate or a-ketoglutarate 
as substrate. However, arsenite completely inhibited 
the oxidation of both a-keto acids indicating the pos- 
sible presence of lipoic acid in the mitochondria. 
Chromatographic evidence suggests that the oxida- 
tion of the a-keto acids by these mitochondria is 
mediated through the Krebs cycle. 


Since the preparation of these manuscripts the 
articles by Beevers, H., and Walker, D. A. (Biochem. 
Jour. 62: 114-119. 1956) and by Walker, D. A., and 
Beevers, H. (Biochem. Jour. 62: 120-127. 1956) ap- 
peared. They used the same cofactors and arrived 
at substantially the same results with castor bean 
seedlings as we did with the sweet potato. 


The authors wish to express their appreciation for 
the technical assistance of Harold Neimark. 
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FLORAL INITIATION IN CESTRUM NOCTURNUM, A LONG-SHORT DAY PLANT. 
II. A 24-HOUR VERSUS A 16-HOUR PHOTOPERIOD FOR 
LONG DAY INDUCTION?! 


ROY M. SACHS 


Earuart Prant RESEARCH LABorATORY, Division or BrioLtocy, CALIFORNIA INSTITUTE OF 
TrecHNOLOGY, PASADENA, CALIFORNIA 


Recent experiments have shown that Cestrum 
nocturnum is a long-short day plant, requiring first 
long day and then short day induction (5). The 
purpose of this paper is to make some comparisons 
between long day induction in Cestrum and in simple 
long day plants. 


MertHops, RESULTS, AND DiIscussION 


The experiments were performed in the Earhart 
Laboratory (6) using the 26°C greenhouse and 
20° C temperature controlled rooms (for both arti- 


ficial light and darkness). The light intensity was 
generally in excess of 1500 ft-c in the greenhouse and 
approximately 700 ft-c at plant tops in the artificial 
light rooms in which the light was supplied by warm, 
white fluorescent tubes supplemented with incandes- 
cent bulbs. : 

All of the plants used were grown from seed and 
were more than 3 months old at the beginning of 
long day induction. The criteria for the selection of 
plants and quantitative measurement of floral initi- 
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ation were the same as those described previously 
(5). The errors quoted for the number of nodes 
flowering per plant are the standard errors of the 
means; the “t”’ test (3) was applied assuming that 
the samples were taken from normal distributions. 

Two groups of plants were exposed to 12 or 18 
long days with a 16-hour photoperiod (8 hours in 
the greenhouse plus 8 hours of artificial light and 8 
hours of darkness). Two other lots received 12 or 
18 long days with a 24-hour photoperiod (8 hours 
in the greenhouse plus 16 hours of artificial light). 
At the end of the respective long day treatments the 
plants were transferred to short day conditions (8 
hours in the greenhouse plus 16 hours of darkness) 
for 7 days. The results of the experiment, recorded 
in table I, show that for 12 days a 16-hour photo- 
period was greatly superior to a 24-hour photoperiod 
for long day induction. As the number of long days 
was increased the difference between the two treat- 
ments decreased. This experiment was repeated 
twice with essentially the same results. Apparently 
in the 8 hours of darkness between the end of one 
16-hour photocycle and the beginning of another, a 
reaction(s) may be activated by light which reduces 
the effectiveness of long day induction. 

It has been reported for long day plants that 
continuous light (24-hour photoperiod) is the most 


TABLE I 


Twenty-rour-Hr vs 16-Hr PHOTOPERIOD FOR 
Lone Day InpucTION 


No. oF % TERM NopeEs No. or 

PPT % Fut “at FL/PL{ PLANTS 
24 12 100 0 6+1* 8 
16 12 100 71 12+2* 7 
24 18 100 75 17+2** 8 
16 18 100 100 20 + 1 ** 8 


* Difference significant at 5 % level. 

** Difference not significant at 5 % level. 

+ PP, photoperiod; LD, long days; % FI, percent of 
plants with flowers; % Term FI, percent of plants with 
terminal flowers; Nodes F1/PI, number of nodes flower- 
ing per plant. 


favorable condition for floral initiation (1, 2). Since 
this is not the case for Cestrum there may be a basic 
difference between long day induction in it and in 
simple long day plants. On the other hand perhaps 
this behavior is due to the requirement for subsequent 
short day induction. Harder and Biinsow (4) re- 
ported that floral initiation in Kalanchoé Blossfeldi- 
. ana, a short day plant, was inhibited if plants were 
exposed to long days prior to short day induction; 
as the length of the photoperiod of the preceding 
long days was increased the effectiveness of short day 
induction was decreased. The authors suggested that 
an inhibitory substance was formed in the long photo- 
periods. In a previous paper concerning Cestrum 
(5) it was shown that the effect of long day induction 
was confined to the treated leaves and it was con- 
cluded that the hypothetical product of long day 
induction was not translocated from the leaves. In 
addition evidence was presented showing that this 
product was a precursor of the floral stimulus. If 
along with the floral stimulus precursor an inhibiting 
substance were formed, as suggested for K. Bloss- 
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feldiana, perhaps the explanation for the reduced 
effectiveness of a 24-hour photoperiod is that the 
ratio of inhibitor to precursor is highest in this day- 
length. The precursor accumulates in the leaves 
and, if the inhibitor were dissipated by translocation 
or destruction, the ratio of inhibitor to precursor 
would decrease with prolonged long day induction. 
This would explain why the difference between a 
24- and 16-hour photoperiod decreased as the number 
of long days increased. 


SUMMARY 


It has been shown that a 16-hour photoperiod is 
superior to a 24-hour photoperiod for long day in- 
duction in Cestrum nocturnum, a long-short day 
plant. It was suggested that, along with a promoting 
substance, an inhibitor is formed during the photo- 
period. 


The author would like to acknowledge the advice 
and encouragement of Dr. F. W. Went and the help 
of the staff of the Earhart Laboratory throughout 
the course of this investigation. 
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FLORAL INITIATION IN CESTRUM NOCTURNUM, A LONG-SHORT DAY PLANT. 
Ill. THE EFFECT OF TEMPERATURE UPON LONG DAY 
AND SHORT DAY INDUCTION! 


ROY M. SACHS 2.3 


EarHart PLrant ResearcH LABorATORY, Division or Biotocy, CALIFORNIA INSTITUTE OF 
TECHNOLOGY, PASADENA, CALIFORNIA 


Previous reports of temperature effects upon 
photoperiodic induction were concerned with long day 
plants (LDP) and short day plants (SDP) (4). 
Recently a new group of photoperiodically sensitive 
plants was discovered, the long-short day plants, 
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which require long day (LD) followed by short day 
(SD) induction for floral initiation (6). The purpose 
of this paper is to present the results of investigations 
on the effect of temperature upon LD and SD in- 
duction in Cestrum nocturnum, a long-short day 
plant (7). 


METHODS AND MATERIALS 


All experiments were performed in the Earhart 
Laboratory (9). The temperatures in the green- 


houses and artificial light rooms were controlled to 
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within +1°C (all temperatures are in degrees 
Centigrade). Twice daily the plants were exposed 
to a temperature of approximately 23° for periods of 
14 hour each, the time required to transfer them from 
one set of temperature and light conditions to 
another. The light intensity in the greenhouses was 
generally in excess of 1500 ft-c and approximately 
700 ft-c in the artificial light rooms where the light 
was supplied by warm, white fluorescent tubes sup- 
plemented with incandescent bulbs. Unless otherwise 
noted LD refers to a 16-hour photoperiod (8 hours in 
the 26° greenhouse plus 8 hours of artificial light and 
an 8-hour nyctoperiod at 20°) and SD refers to a 
16-hour nyctoperiod (8 hours in the 26° greenhouse 
plus a 16-hour nyctoperiod at 20°). 

The methods employed in growing Cestrum plants 
and evaluating quantitative differences among treat- 
ments were the same as those described previously 
(7). The effect of temperature upon vegetative 
growth was estimated by recording the number of 
leaves unfolded from the terminal apex during LD 
induction. All figures in the tables have been 
rounded off to the nearest whole number. 


RESULTS AND DISCUSSION 


Lona Day INpuction, Phototemperature: In a 
series of experiments Cestrum plants were exposed to 
a 16-hour photoperiod (16 hours in artificial light 
rooms at various temperatures plus an 8-hour nycto- 
period at 20°) for 18 days. At the end of this treat- 
ment the plants were transferred to SD conditions 
for 7 days. The results of duplicate experiments were 
averaged together and recorded in table I. These 


TABLE I 
Tue Errect oF TEMPERATURE UPON LONG Day INDUCTION 


Temp. % Yo TeRM NODES No. oF 
FL FL/PL * 
A. Phototemperature 
30 100 100 10+1 : 5 
26 100 50 14+2 9 16 
23 100 78 18 +2 9 13 
20 100 57 15+2 11 14 
17 100 29 15+2 11 14 
14 75 0 3+1 9 8 
10 34 0 2+1 4 14 
7 0 0 0 4 13 
B. Nyctotemperature 
26 83 67 11+4 12 6 
23 100 67 14+3 10 6 
20 100 67 14+1 9 6 
17 100 50 13+3 10 6 
14 100 67 16+3 10 6 
10 100 67 15+4 10 6 
4 100 50 14+3 4 6 


*The errors quoted for the Nodes FI/P1 represent 
the standard errors of the means. 

** Abbreviations used: % FI, percent flowering, % 
Term FI, percent terminal flowering; Nodes F1/P1, num- 
ber of flowering nodes per plant. 


experiments showed clearly that the phototempera- 
ture of LD induction had a great effect upon floral 
initiation. In a previous work (7) it was shown that 
the effect of LD induction was confined to the leaves 
and floral initiation did not occur until after SD in- 
duction was complete. Therefore, temperature treat- 
ments during LD induction should have affected only 
inductive reactions and processes such as_photo- 
synthesis, respiration, cell elongation and division, but 
not translocation of the floral stimulus or initiation of 
the buds. In the conditions in which vegetative 
development was affected concomitantly, it cannot be 
said that the temperature effects were specific for 
photoperiodic processes. In a few cases, however, a 
specific temperature effect upon LD induction was 
evident. For example, there was no difference in the 
number of leaves unfolded between the 10 and 7° 
groups and the absence of floral initiation at the 
lower temperature probably reflected the minimum 
phototemperature for LD induction. A comparison 
of the vegetative growth and floral initiation data 
between the 14° group on the one hand and the 30, 
26, and 23° groups on the other shows that the 
effectiveness of LD induction was greatly reduced at 
the lower phototemperature whereas vegetative de- 
velopment was not. Since both the percent of plants 
with terminal flowers and the number of flowering 
nodes decreased at 26° (as compared with the values 
for the 23° group) and the number of flowering nodes 
also at 30°, it seems unlikely that the increase in 
percent terminal flowering at 30° was due to the 
increased effectiveness of LD induction at this high 
temperature (in fact this was the only case in more 
than 100 experiments in which the trends for percent 
terminal flowering and number of flowering nodes 
did not agree). Perhaps the 30° treatment during 
LD induction reduced the response of the lower nodes 
to floral initiation thereby insuring an excess of 
stimulus for translocation to the terminal apex and a 
high value for percent terminal flowering. Whatever 
the reason it is probable that the optimum photo- 
temperature for LD induction is near 23°. 
Nyctotemperature: In a single experiment a 
number of groups of plants were exposed to 18 LD 
(16 hours of artificial light at 26° plus an 8-hour 
nyctoperiod at various temperatures) and then trans- 
ferred to SD conditions for 7 days. The results of 
the experiment, recorded in table I, show that the 
nyctotemperature had very little effect upon LD in- 
duction. This was true even with a 4° nyctotempera- 
ture in which vegetative growth was severely in- 
hibited. Perhaps the reason for the temperature 
insensitivity of the nyctoperiod is that the length of 
the induction period obscured the differences among 
the various treatments, as in the case in which the 
differences between a 24- and 16-hour photoperiod 
for LD induction were greatly reduced after 18 LD 
(8). This possibility should be checked with ex- 
periments in which the number of LD is decreased. 
Since light given during this 8-hour nyctoperiod in- 
hibited LD induction (8), it will be particularly 
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interesting to learn whether these 8 hours are truly 
temperature insensitive, with and without light. 

Comparisons between experiments with Cestrum 
and those with LDP are difficult owing to the differ- 
ent experimental conditions and criteria for evalu- 
ation of floral initiation. In Hyoscyamus, with a 
10-hour photoperiod, Lang and Melchers (2) found 
that the number of days to floral initiation was re- 
duced by lowering the phototemperature from 29 to 
18° (nyctotemperature constant at 27.5°). Experi- 
ments with differential photo- and nyctotemperatures 
were not extended, but, with the same temperature 
throughout, the critical daylength was reduced by 
lowering the temperature within the range of 28.5 to 
15.5°. The impression from these experiments was 
that lowering the temperature increased the effective- 
ness of LD induction. Liverman and Lang (3) 
found for Silene, with a 14-hour photoperiod, that 
varying the phototemperature between 10 and 23° 
had no effect upon the number of days to floral 
initiation although at 30° there was a significant 
inhibition. Within this same range the nyctotem- 
perature had a great effect upon LD induction; with 
a 14-hour photoperiod, increasing the nyctotempera- 
ture from 10 to 30° (phototemperature constant at 
23°) greatly promoted floral initiation. There is no 
doubt from these experiments that in Silene the 
nyctotemperature plays the most important role in 
LD induction. Cestrum is completely different since, 
with a 16-hour photoperiod, the phototemperature 
had a far greater effect than the nyctotemperature 
upon LD induction. Perhaps with a shorter photo- 
period the effect of the photo- and nyctotemperature 
upon LD induction in Cestrum would approach that 
in Silene although there is reason to believe that the 
two plants should react differently to temperature 
during induction. The floral stimulus in Cestrum is 
not synthesised during LD induction but appears 
only after subsequent SD induction (7), whereas in 
Silene the floral stimulus is synthesized as a result of 
LD induction alone (3). If the floral stimulus is 
identical in the two plants and LD induction involves 
the synthesis of similar substances, the reaction which 
leads to the final synthesis of the stimulus, and which 
in Cestrum requires SD, must occur in Silene, too, 
but without photoperiodic control. Hence in Silene 
temperature treatments during LD induction may be 
affecting at least one additional process not affected 
in Cestrum. 

Borthwick, Hendricks, and Parker (1) have sug- 
gested, on the basis of light interruption experiments, 
that floral initiation in both SDP and LDP may be 
controlled by the conversion of a pigment from a red 
to far-red absorbing form. The synthesis of the 
floral stimulus (or precursor) in SDP occurs while 
the pigment is in the red absorbing form and in LDP 
when predominantly in the far-red state. The trans- 
formation of the pigment from one form to another 
accounts for the photosensitized reactions; however, 
it has been shown recently by Downs for Xanthium, 
a SDP, that the photoreaction is coupled to a tem- 


perature dependent reaction (see discussion and 
reference in review by Liverman (4)). Presumably 
Downs’s observations would apply to LDP as well. 
In LDP then the phototemperatures should have a 
great effect upon LD induction since it is during the 
photoperiod that the pigment is in the far-red absorb- 
ing form and the thermochemical reactions involved 
in the synthesis of the floral stimulus (or precursor 
as in the case of Cestrum) may occur. This is not 
to say that according to the “ pigment ” theory the 
dark period should be completely temperature in- 
sensitive; however, presumably greater weight would 
be given to the phototemperature. The facts for 
Cestrum are in accord with this reasoning, whereas 
the apparent temperature insensitivity of the photo- 
period in Silene suggests that some additional ex- 
planation may be necessary. 

SHorr Day Inpuction, Phototemperature: In a 
single experiment Cestrum plants were exposed to 20 
LD followed by 3 SD (8-hour photoperiod in arti- 
ficial light at various temperatures plus a 16-hour 
nyctoperiod at 20°). After SD induction the plants 
were returned to LD conditions for 4 days. The 
results of the experiment are recorded in table II. 
They show that the phototemperature has very little 
effect upon SD induction; however, it would have 
been better if the SD induction period were limited 
to two instead of three days. 

Nyctotemperature: In a single experiment a 
number of groups of plants were exposed to 18 LD 
followed by 2 SD (8-hour photoperiod in the 26° 
greenhouse plus a 16-hour nyctoperiod at various 
temperatures). At the end of SD induction the 
plants were returned to LD conditions for 5 days. 
The results of the experiment recorded in table II 


TABLE II 


Tue Errect or TEMPERATURE UPON SHORT Day INDUCTION 


Temp. %F.** %Termrt _N0.oF 
PLANTS 
A. Phototemperature 
26 100 60 16+4 5 
23 100 100 20+ 6 5 
20 100 60 14+4 5 
17 100 80 18+1 5 
14 100 100 18+1 5 
10 100 50 16+5 5 
7 67 50 14+4 6 
B. Nyctotemperature 
26 71 14 7+3 7 
23 86 43 14+3 7 
20 100 58 18+2 7 
17 100 29 i+? 7 
14 100 29 ll+2 
10 0 0 0 7 
7 0 0 0 7 


*The errors quoted for the Nodes FI/P1 represent 
the standard errors of the means. 

** Abbreviations used: % Fl, percent flowering; % 
Term FI, percent terminal flowering; Nodes FI/P1, num- 
ber of flowering nodes per plant. 
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show the great effect of the nyctotemperature upon 
SD induction. The optimum nyctotemperature was 
approximately 20° and the minimum between 10 
and 14°; within the range of temperatures employed 
there was no maximum. 

Parker and Borthwick (5) working with Biloxi 
soybean, a SDP, have also shown that the effect of 
temperature was almost completely confined to the 
nyctoperiod. The differences between Cestrum and 
soybean are of a quantitative nature; there was a 
broad optimum nyctotemperature range for soybean 
between 21 and 32° (for Cestrum the optimum was 
20°) and the minimum was below 7° (for Cestrum 
the minimum was between 10 and 14°). If the 
photosensitized reactions controlling floral initiation 
are the same in Cestrum and Biloxi soybean, these 
experiments show that there are differences in the 
associated thermochemical reactions which have a 
great effect upon the nyctotemperature requirements 
of SD induction. The results for Cestrum and soy- 
bean are in accord with one of the implications of 
the theory of Borthwick et al (1), discussed pre- 
viously; namely, the nyctotemperature should have 
the greatest effect upon SD induction, for it is during 
the nyctoperiod that the pigment should be in the 
proper state (absorbing red radiation) for coupling 
with thermochemical reactions involved in the syn- 
thesis of the floral stimulus or its precursors. 


SUMMARY 


The effect of temperature upon LD and SD in- 
duction in Cestrum nocturnum, a long-short day 
plant, has been investigated. It has been shown 
that the phototemperature has the greatest effect 
upon LD induction and that the nyctotemperature 
has the greatest effect upon SD induction. The im- 
plications of these results, particularly with regard 


to the “pigment” theory of Borthwick, Hendricks, 
and Parker, was discussed, and it was concluded that 
the facts for Cestrum are in accord with this theory. 


The author would like to acknowledge the advice 
and encouragement of Dr. F. W. Went and the help 
of the staff of the Earhart Laboratory throughout 
the course of this investigation. He wishes to thank 
Dr. A. Lang for supplying the data regarding ex- 
periments with Silene Armeria. 
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STUDIES ON TOBACCO ALKALOIDS. I. CHANGES IN NICOTINE 
AND NORNICOTINE CONTENT IN NICOTIANA 1? 


T. C. TSO ann R. N. JEFFREY 
DEPARTMENT OF AGRONOMY, UNIVERSITY OF MARYLAND, CoLLEGE PARK, MARYLAND AND 
AGRICULTURAL RESEARCH SERVICE, Fietp Crops ResearcH BraNncu, 
U. S. DEPARTMENT OF AGRICULTURE, BELTSVILLE, MARYLAND 


Since the publication of Nath’s reports on the 
tobacco-tomato grafting (13, 14), numerous workers 
have employed similar techniques to study the bio- 
genesis of tobacco alkaloids. However, these investi- 
gations did not result in any generally accepted inter- 
pretations until the publication of Dawson’s work in 
1941 and 1942 (2, 3, 4). At that time he stated “of 
all the organs of the tobaceo plant, only the root pos- 
sesses an appreciable capacity for synthesizing nico- 
tine” (4). As a result of subsequent work (5) Daw- 


1 Received May 3, 1956. 
2Contribution no. 2712, Maryland Agricultural Ex- 
periment Station, Scientific Article A 558. 


son stated that “nornicotine is produced only in the 
plant leaf and at the expense of nicotine.” In Mothes 
(11) recent review, evidence from a number of workers 
is cited which indicates that the synthesis, or break- 
down, of tobacco alkaloids may not be as simple as 
these generalizations indicated. 


Recent advances in experimental methods, par- 
ticularly the use of paper chromatography (16), make 
possible the detection and separation of pyridine alka- 
loids when present in much smaller quantities than 
could be handled previously. It seemed desirable to 
re-examine the changes in the alkaloids during the 
development of the tobacco plant using these tech- 
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niques. The results of this study as it concerns the 
major alkaloids are reported here, together with cer- 
tain other experiments which may assist in the inter- 
pretation of the results obtained. The following 
paper, part II (17), reports on the formation of nico- 
tine and nornicotine employing N!® in the solution 
culture of intact and grafted plants and of detached 
leaves. 


MATERIALS AND METHODS 


Nicotiana glutinosa and N. Tabacum var. Robin- 
son Medium Broadleaf Maryland tobacco were used 
in these experiments because previous studies had 
shown that they sometimes contained considerable 
quantities of nornicotine. Ten gm of seed of each 
species were ground in 2-gm portions to avoid diffi- 
culties due to the oiliness of the seeds. Each entire 
sample was then extracted successively with different 
selective solvents and the pyridine compounds in the 
extracts were separated by paper chromatography 
and estimated by ultraviolet absorption as described 
by Tso and Jeffrey (16) to determine the initial con- 
tent of these substances. 

Weighed quantities of seeds were germinated in 
Petri dishes on filter paper in the presence of distilled 
water and daylight. Seed and seedling lots were ex- 
tracted at selected intervals with 50% aqueous ace- 
tone (v/v) to follow the changes during germination 
and early growth. The results were calculated on the 
basis of weight of alkaloid present in the seeds or 
seedlings derived from a given initial weight of seed. 

Plants for analysis at later stages were germinated 
in a sterilized sand flat, starting on September 24, 
1953, and grown in the greenhouse in aerated solution 
culture, using MeMurtrey’s C, solution (10). Sam- 
ples were taken at different time intervals until Janu- 
ary 18, 1954. These plants were also extracted with 
50% acetone, taking into consideration the water 
content in the plant tissue; and the alkaloids were 
separated and estimated as before (16). In certain 
cases the values are reported as zero. This means 
that the substance was not detected on the paper by 
a technique capable of detecting 0.2 pgm, which with 
the usual size sample corresponded to about 1 ppm in 


TABLE I 


ALKator ConTENT IN SEED or NicoriANA TABACUM Var. 
Rosinson MepiumM BroaDLeaF AND N. GLUTINOSA 


N. TaBpacuM N. GLUTINOSA 

Extracts (16) Sus- QuAN- Sus- Quan- 
STANCE TITY STANCE TITY 

mg/gm mg/gm 
Petroleum ether None 0O* Nicotine 0.012 
Chloroform None 0 Unknown (0.023 
Alcohol None 0 Nicotinic acid 0.114 
Water None 0 Nicotinic acid 0.024 
Total 0 0.175 


* Substance not detected by technique used; less than 
0.2 ugm. 
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TABLE II 


ALKALol ConTENTS DurING Various Sraces or GERMI- 
NATION OF SEED OF NIcoTIANA TABACUM Var. RospInson 
MepiuM AND N. GLUTINOSA 


N. TapacuMm N. GLUTINOSA 
TIME 
INTERVAL Sus- QUAN- Sus- Quan- 
STANCE TITY STANCE TITY 
hrs mg/gm mg/gm 
Nicotine 0.45 
88 Nicotine 1.50 
103 Nicotine 
168 Nicotine 


* Substance not detected by technique used; less than 
0.2 ugm. 


the fresh tissue. Thus the upper limit possibly pres- 
ent per plant would depend on plant size. 


RESULTS AND DISCUSSION 


ALKALOIDS IN THE SEED AND DurRING GERMINA- 
TION: Table I shows the results obtained from seeds 
of N. glutinosa and Robinson tobacco. No alkaloids 
or related compounds were detected in the seed of 
Robinson, but nicotinic acid, an unknown compound, 
and a very small amount of nicotine were found in 
the seed of N. glutinosa. The unknown had an R, 
of 0.24 in the 1:1 tert amyl aleohol-pH 5.6 aqueous 
acetate buffer system used. Its absorption spectrum 
showed a minimum at 246 my and a maximum at 260 
mu. A _ yellowish-brown color was produced with 
PABA-CNBr (16). On the basis of these results it 
appeared to be a pyridine derivative. Since it ap- 
peared in the chloroform fraction it was evaluated as 
oxynicotine. It is generally accepted that commercial 
tobacco seed does not contain nicotine (6), though 
contrary views have been expressed (18). However, 
nicotine has been found in N. rustica seed by Schmid 
and Serrano (15) and by Mothes and Romeike (12). 
The different results of previous workers and in the 
present data may be due to (a) different species or 
varieties, (b) different stages of maturity of the seeds 
at harvest, (c) different storage conditions, and (d) 
different analytical methods, in the case of previous 
workers. 


The increase in nicotine and related compounds 
during germination of the seeds in shown in table II. 
The results are expressed on the basis of one gram of 
air-dry seed. This seemed to be the only practical 
basis for estimating synthesis, as the weights of the 
seeds and seedlings were changing constantly. 

The formation of alkaloids in N. glutinosa during 
germination was much more rapid than in Robinson 
tobacco. N. glutinosa seeds contained nicotinic acid 
which disappeared during germination and may have 
been used in nicotine synthesis or metabolized in other 
ways. Dawson (8) did not find any conversion of 
nicotinic acid-carboxyl C!* or of its ethyl ester into 
nicotine in tobacco but this does not exclude the possi- 
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bilities that such conversion might occur in a very 
young N. glutinosa seedling or that the carboxyl 
group from the nicotinic acid may have been replaced 
by a pyrrolidine group. 

ALKALOIDS IN N. GLUTINOSA FROM SEEDLING TO 
Mature Puiant: N. glutinosa seedlings were grown 
under two different conditions in the greenhouse. 
One test was grown using a sterilized white sand, 
while the other was grown using sterilized greenhouse 
soil. Table III shows the results obtained. Though 
dilute nutrient solution (one-half of the concentration 
used later in solution culture) was supplied to both 
lots of seedlings, growth conditions were evidently 
more favorable in soil than in sand. The fresh weight 
increased more rapidly in the plants growing in soil 
than in those growing in sand but the fresh weight at 
which a given alkaloid content was found was similar 
in the two groups. Therefore the alkaloid synthesis 
was more rapid in plants growing in soil, but this was 
an indirect result. Significantly nornicotine appeared 
either earlier or about the same time in the root as in 
the shoot. It seems very unlikely that nicotine was 
formed in the root, translocated to the leaf, converted 
to nornicotine, and then translocated back to the root 
at such an early stage of plant growth. In four ex- 
periments with Robinson tobacco grown in soil, nor- 
nicotine was either undeterminable in the shoots or 
present in lower concentration than in the root at first 
analysis. The percentages of nornicotine in the root 
on green-weight basis were 0.095, 0.074, 0.090, and 
0.132, while in the shoot they were 0.032, 0, 0.016, and 
0, respectively. In some instances the lower concen- 
tration in the shoot than in the root persisted for 
more than half of the growing period in this variety. 
Thus it seems highly probable that nornicotine can 


be formed in the root—at least in strains known to 
contain high proportions of nornicotine in the leaf at 
later stages. Nornicotine has not been detected in 
the roots of young plants of strains containing pre- 
dominantly nicotine in the leaves throughout the 
season. 

Since the majority of the alkaloid synthesis un- 
doubtedly occurs in the finer roots, which cannot be 
recovered quantitatively in the case of plants grown 
in sand or soil, N. glutinosa seedlings were trans- 
planted from the sand flat to solution culture on the 
thirty-third day after planting of the seed. This was 
the same day as the second sampling from the sand 
flat shown in table III, but the first harvest of mate- 
rial from solution culture was not made until a week 
after the last sampling from the sand flat. The solu- 
tion used was half the concentration of McMurtrey’s 
C, solution (10) used for the older plants. The re- 
sults obtained with these plants are shown in table IV. 
It should be noted that the results, both as to fresh 
weight in grams and the milligrams of alkaloid, are 
expressed on a per plant basis rather than the per 100 
plant basis used in table III. The nornicotine con- 
tent of the shoot exceeds the nicotine content by the 
6lst day from seeding. By the 68th day the shoot 
had become large enough to be separated into stem 
and leaf samples and it is shown that the nornicotine 
was principally in the leaf portion. 

After the plants had grown in the starter solution 
for two weeks some of them were transferred to full- 
strength culture solution, one plant per 2-gallon 
crock. The week following the last sampling of the 
starter-solution plants, or four weeks after the plants 
had been transferred to the full-strength solution, 
sampling of these plants was begun. They had been 


Tase III 


DEVELOPMENT OF ALKALOIDS AND FRESH WEIGHT OF YOUNG SEEDLINGS OF NICOTIANA GLUTINOSA 


ALKALOID CONTENT (MG/100 PLANTS)* 


Days FresH 
AFTER WT WHOLE PLANT Roor SHoorT 
SEEDING (am) 
Nic. Nor. Nic. Nor. Nic. Nor. 
Sterilized White Sand 
12 0.26 o** 
33 20 3.36 o** 
40 44 2.92 0.04 1.47 0.02 1.45 0.02 
47 100 36.89 0.58 3.09 0.08 33.80 0.50 
Sterilized Soil + 

12 10 1.44 o** 
19 20 3.38 or* 0.02 Trace tt 3.36 o** 
26 42 4.99 Tracett 0.12 Tracett 487 or* 
33 83 11.22 44 1.82 0.03 9.40 0.41 
40 116 31.39 2.43 4.18 0.08 27.21 2.35 
47 170 62.68 20.17 5.56 0.09 57.12 15.08 


* Analysis was made by using from 6 to 100 plants, depending on size. 
** No color on paper. 
+ Roots from sterilized soil cannot be recovered completely. 
++ Colored spots located in the nornicotine area by paper chromatography but not in sufficient quantity for ac- 
curate ultraviolet determination. Less than 0.01 mg. 
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TABLE IV 


DEVELOPMENT OF ALKALOIDS AND FrESH WEIGHT PER PLANT oF NICOTIANA GLUTINOSA 
GROWN IN STARTER SOLUTION 


ALKALOID CONTENT/PLANT PART 


TIME FrEsH 
AFTER wt/ Roor SHoor STEM LEAVES 
SEEDING PLANT 
Nic. Nor Nic. Nor. Nic. Nor. Nic. Nor. 
days gm mg mg mg mg mg mg mg mg 
54 3.35 0.05 0.01 0.67 0.41 
61 13.6 0.36 0.13 0.88 1.72 
68 178 0.98 0.13 1.74 2.67 0.77 0.31 0.97 2.36 


Plants transplanted into solution 33 days after seeding. 


topped to 6 to 7 leaves for two weeks at that time 
and and were suckered frequently thereafter. The 
results are shown in table V. 

In the case of plants at the stage of development 
represented in this table the major increase in alka- 
loid content is in the form of nornicotine in the leaves. 
There was also some increase in nicotine in the leaves 
at first, but this was reversed later, resulting in an 
amount too small to be determined by the techniques 
used. These techniques certainly would have detected 
1 mg of nicotine in the approximately 150 gm of leaf 
material per plant, had this much been present, and 
probably would have detected considerably less. 

There was also a noticeable increase in nicotine 
in the root and a much smaller increase in nornicotine 
there. A slow increase in nicotine occurred in the 
stem, but the nornicotine in the stem, always low, 
seems to have passed through a maximum at about 
the same time as the leaf nicotine reached a maximum. 

It is very difficult to explain these data on the 
assumption that all of the nornicotine was formed in 
the leaf and translocated to the other parts. For 
example, in the week between these last two sam- 
plings, when nicotine was not determinable in the 
leaves, the amount of nornicotine in the leaves in- 


TABLE V 


DEVELOPMENT OF ALKALOIDS AND FRESH WEIGHT PER 
Prant oF NICOTIANA GLUTINOSA GROWN IN 
CutturE SoLuTION 


ALKALOID CONTENT/PLANT PART 


Roor STEM 


Time FRreEsH 
AFTER wt/ 
SEEDING PLANT 


75 100 82 16 98 1.1 133 49 
82 149 «140 2.1 149 17 £214 145 
89 142 123 30 168 15 362 156 
96 17% 141 23 383 224 
103 242 «#45621 26 148 #19 19.1 262 
110 245 #454 3.1 £236 1.1 0.0 327 
117 299 570 44 242 089 0.0 430 


Plants transplanted from starter solutions 46 days 
after seeding. 


creased by more than 100 mg per plant. It would 
have to be assumed that twice as much nicotine was 
synthesized in the root during the last week as it con- 
tained at any one time, and that this occurred in a 
small fraction of the total root tissue. It would also 
have to be assumed that this nicotine passed through 
the stem without appreciable effect on the quantity 
there, though that quantity was only one-fourth as 
great, and the concentration was steadily falling due 
to growth of the stem. Most difficult of all, it must 
be assumed that this nicotine was immediately and 
quantitatively converted to nornicotine as it reached 
the leaf—even that portion which was in the conduc- 
tive tissue, as the midribs of the leaves were included 
in the leaf samples analyzed. It is admitted that no 
incontrovertible proof has been demonstrated here of 
the synthesis of nornicotine without passing through 
nicotine. Nevertheless, in view of the data obtained 
on the young roots and the mature leaf an explanation 
based on the hypothesis of such a synthesis seems less 
taxing to the imagination than the older alternative. 

On the other hand, if these data are examined 
while keeping in mind the limitations of the analytical 
methods available at the time the previous hypotheses 
were developed it is very easy to see how an investi- 
gator would conclude that the root and stem con- 
tained nicotine and the leaf contained nornicotine. 
Using picrate precipitation methods it is difficult to 
perceive, and impossible to estimate accurately, a 
minor alkaloid in the presence of a major one. Ad- 
vances in understanding of physiological behavior can 
be made only as the tools of measurement become 
available. 

No mention is made in the preceding five tables of 
compounds other than nicotine or nornicotine, though 
extensive evidence was obtained of the presence of 
other substances capable of forming colored spots on 
the paper with PABA-CNBr (16) and of absorbing 
ultraviolet light of the wave lengths absorbed most 
completely by pyridine compounds. Most of these 
compounds have not been identified and so cannot be 
assigned quantitative values, though the available evi- 
dence indicates that most of them are 3-pyridines. If 
their specific extinctions are of the same order of 
magnitude as those of nicotine and nornicotine the 
combined amount of these unknowns, in some cases, 


| 
Nic. Nor. Nic. Nor. Nic. Nor. 
days gm mg mg mg mg mg mg 


TSO AND JEFFREY—TOBACCO ALKALOIDS 437 


was equal to or even greater than the combined quan- 
tity of nicotine and nornicotine. The quantity of 
unknowns relative to the knowns was greatest in the 
root, intermediate in the stalk, and least in the leaf 
and tended to reach a maximum in the middle of the 
growth period and decrease in all three areas as ma- 
turity approached. More than ten spots were ob- 
served from certain samples. At the present time it 
is not known whether any of these compounds are 
precursors or decomposition products of the known 
alkaloids or were derived independently. Estimates 
of them could not be included in the preceding tables 
without confusing the results with respect to known 
compounds. 

The results obtained on mature field-grown N. 
glutinosa plants, some of which had been allowed to 
flower and some of which had been topped and suck- 
ered, are shown in table VI expressed on the fresh- 
weight basis. In addition to nicotine and nornicotine, 
anabasine and myosmine could be identified and de- 
termined. Certain other substances which gave color 
with PABA-CNBr (16) and had an absorption maxi- 
mum in the ultraviolet near that of the other 3-pyri- 
dine compounds could not be positively identified, and 
so an estimate of the sum of such substances is given 
using assumptions previously outlined (9). In this 
instance, also, nicotine was the principal alkaloid in 
the root and stem and nornicotine was the principal 
alkaloid in the mature leaves. Myosmine was found 
only in those samples which contained considerable 
amounts of nornicotine, which is in line with results 
on cured tobacco samples (9), some of which con- 
tained principally nornicotine with some myosmine 
and some principally nicotine and practically no 
myosmine. 

ALKALOID COMPOSITION OF ROBINSON TOBACCO: 
A number of different experiments have been per- 
formed which provide contributory evidence to that 
presented above. 

The Transformation of Nicotine to Nornicotine in 
Different Parts of Plants: There is little doubt that 
nicotine demethylation is one of the principal sources 
of nornicotine formation. This experiment was de- 
signed to determine in which part of the plant this 


TaBLe VI 


ALKALoIDs IN MAtTurRE GREEN PLANT OF 
NICOTIANA GLUTINOSA 


NOT TOPPED OR ToPpPreD AND 
SUCKERED SUCKERED 
Root Stem Lear Root Stem Lear 
% alkaloid on green wt basis 
Nicotine 0.165 0.038 - 0.031 0.191 0.133 0.017 


Nornicotine 0.006 0.008 0.095 0.013 0.017 0.853 
Anabasine 0.005 0.003 0.006 0.006 0.003 0.036 
Myosmine o* 0.002 O* 0.036 
Others 0.016 0.007 0.017 0.026 0.007 0.121 
Total 0.192 0.056 0.151 0.236 0.160 1.063 


* Less than 0.001 %. 


Tasie VII 


THE TRANSFORMATION OF NICOTINE TO NORNICOTINE 
Durine Atr-Dryinc Rosinson MepIuM 
BroaDLeaF TOBACCO 


ALKALOID CONTENT/PLANT PART 


Punt ORIGINAL AFTER 1-WK AIR-DRYING 
PART 

Nor- Nor- 

Torat* Nico- Torat* NICO- 

TINE TINE 

mg mg mg mg mg mg 

Root 56 45 9 45 35 8 
Stem 43 34 6 32 29 3 
Leaf 230 179 47 183 26 142 


_ *Including alkaloids other than nicotine and nor- 
nicotine. 


process takes place. This can be done more unequiv- 
ocally when the parts of the plant are detached from 
each other. 

Previous studies in this laboratory have shown 
that, unlike N. glutinosa, the transformation of nico- 
tine to nornicotine in Robinson tobacco occurs princi- 
pally during senescence. Starting from the bottom of 
two mature plants, even-numbered leaves from plant 
A and odd-numbered leaves from plant B were re- 
moved and a composite of these leaves was analyzed 
immediately to determine the original alkaloid con- 
tent. The other leaves, odd-numbered from plant A 
and even-numbered from plant B, were hung in the 
greenhouse after tying each leaf to a stick with string. 
These leaves were analyzed one week later. Stems 
and roots were split in half longitudinally and one- 
half of similar parts from each plant was used for 
immediate analysis, the other halves were hung in the 
greenhouse. The results in table VII show an appar- 
ent decrease of total alkaloid, which is usual during 
air-curing. The observed decrease in nornicotine was 
slightly less proportionally in the root and considera- 
bly greater in the stem than the decrease in nicotine. 
However, the only safe conclusion from this experi- 
ment is that no positive evidence was found of the 
conversion of nicotine to nornicotine in the root or 
stem. On the other hand, evidence of the increase of 
nornicotine at the expense of nicotine in the leaf is 
clear. This agrees with Dawson’s statement (7) that 
only intact green leaves were able to conduct this 
transformation. Thus it appears that the nornicotine 
found in the root was probably produced by synthesis 
rather than by degradation. The sum of the nicotine 
and nornicotine in the dried leaf was 15 mg less than 
the total alkaloid value, indicating a much larger 
quantity of degradation products in this sample than 
in any other. 

The Content of Nicotine and Nornicotine at Dif- 
ferent Leaf Positions: The Robinson tobacco plant 
used in this experiment was grown in the greenhouse 
in solution culture. Six days after topping the leaves 
were carefully removed in order, starting from the 
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bottom of the plant. Leaves number 4, 6, 8, 10, 12, 
and 14 were subjected to one week of detached leaf 
culture, using the methods described by Dawson (1). 
The remaining leaves were immediately analyzed indi- 
vidually for total alkaloid, nicotine, and nornicotine. 
The detached leaf culture leaves were analyzed simi- 
larly one week later. The concentration of total alka- 
loid on an initial fresh-weight basis was essentially 
constant from the bottom to the top of the plant and 
was unchanged by a week of leaf culture. Thus the 
results can be shown most clearly when expresesd as 
the proportion of the total alkaloid which is nornico- 
tine. These results, shown in figure 1, indicate that the 
mature basal leaves, when analyzed at the same time, 
contain more nornicotine and less nicotine than the 
immature upper leaves. The nornicotine content in 
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the lowest leaf reached 98 percent of the total alka- 
loid content, while the top one contained no detect:i- 
ble nornicotine. The detached leaves, which had an 
additional period of one week for nicotine transfor- 
mation, show an increase of nornicotine content up 
through the tenth leaf but still have a higher propor- 
tion of nornicotine in the older leaves than in the 
younger. Evidently the system, presumably enzy- 
matic, by which nicotine is converted to nornicotine 
had not become active in the most immature leaves. 

The Effect of Topping and Suckering on the Con- 
version of Nicotine to Nornicotine: The nornicotine 
content in Robinson tobacco differs greatly from sea- 
son to season. Since the great majority of the nor- 
nicotine is derived from nicotine in strains such as 
this in which large quantities of nornicotine do not 
appear until late in the season, it is evident that the 
nornicotine content is influenced by the amount of 
nicotine synthesized, as well as by the proportion 
which is converted to nornicotine. Experiments have 
been conducted in which the influence of moisture, 
temperature, and topping practices on the conversion 
of nicotine to nornicotine have been observed. Of 
these variables, only topping appears to have a con- 
sistent influence. The results of some of these experi- 
ments are shown in table VIII. Plants were grown 
in pots during two seasons of the year and in two 
greenhouse sections each time. Attempts were made 
to keep one of these sections at 75° F (24°C) night 
and day and the other at 50 to 65° F (10 to 18°C) 
at night and 65 to 75° F (18 to 24°C) in the day- 
time. These conditions could be maintained fairly 
well during the experiment extending from October 
to February, but during the previous experiment ex- 


VIII 


Tue Errect or ToPpPING AND SUCKERING AND OF TEMPERATURE ON THE ALKALOID COMPOSITION 
AND PLant Size or Rosprnson Mepium Broaptear Tosacco 


Nor TOPPED OR SUCKERED TOPPED AND SUCKERED 
TRANS- GREEN- 
PLANTING HOUSE HArvEsT Waco Nor- Tovar HARVEST Nor- Tor 
DATE SECTION FRESH NICO-  ALKA~ FRESH -NICO- ALKA- 
wT TINE LOID WT TINE LOID 
ALK ALK. 
gm mg mg mg gm mg mg mg 
Mar. 22,1954 Warm* Root 83 53 8 64 13 90 156 22 182 DS 4 
Shoot 859 100 236 499 47 675 1188 259 1586 16 
Cool** Root 95 59 16 75 22 148 128 28 168 17 
Shoot 657 161 215 426 50 482 742 553 1438 38 
Oct. 20,1954 Warmt Root 32 27 7 35 19 73 94 15 114 13 
hoot 399 190 65 270 24 450 838 140 989 14 
Cooltt Root 52 37 9 47 18 78 154 24 190 13 
hoot 380 76 30 110 27 313 800 251 1130 22 


* Intended temperature 75° F (24° C) day and night, but often warmer in daytime during the latter part of the 


growing period. Harvested May 18, 1954 


** Intended temperature 65 to 75° F (18 to 24° C) daytime, 50 to 65° F (10 to 18° C) at night but often warmer 
in daytime during the latter part of the growing period. Harvested June 3, 1954. «2 
+ Intended temperature same as warm section of spring experiment but more nearly maintained. Harvested 


Jan. 19, 1955. 


++ Intended temperature same as in cool section of spring experiment but more nearly maintained. Harvested 


Feb. 14, 1955. 
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tending from March to June the temperature of both 
sections rose above the intended levels at times during 
the latter part of the experiment and the difference 
between warm and cool sections was not maintained. 


The growth of the plants was more rapid in the 
warm section, necessitating the topping of these plants 
on April 19 and November 29, whereas the plants in 
the cool section were not ready to top until May 6 
and December 12. Similar differences in harvest 
dates occurred, as shown in the table, but the fresh 
weight of plant obtained and the amount of alkaloid 
found in both root and shoot was not significantly 
different due to temperature in the two sections so 
long as extra growth time was given to the plants in 
the cool section. On the other hand, the average 
amount of total alkaloid in the root of the topped 
plants is over three times as high as in the corre- 
sponding untopped plants and in the shoot over five 
times as high. The amount of nornicotine found in 
the topped plants is also higher than in the corre- 
sponding part of the untopped plants, but the differ- 
ence in nornicotine content is not as great as the dif- 
ference in total alkaloid content. Thus, the ratio of 
nornicotine to total alkaloid content is significantly 
lower in the topped plants than in the untopped 
plants. 

Completely satisfactory evidence does not exist at 
present as to the chemieal mechanism of the conver- 
sion of nicotine to nornicotine, i.e., whether a de- 
methylation or a transmethylation is involved. Simi- 
larly, unequivocal evidence is not available concerning 
the possibility of one or more enzyme systems being 
involved. However, if the concersion is enzymatic 
and the activity of the enzyme system is limiting the 
rate of nornicotine formation, one would expect to 
find a relation of substrate quantity to degree of con- 
version such as here observed. 

It should be noted, however, that different species 
or strains have different ability for nicotine-nornico- 
tine conversion. N. glutinosa shows a much higher 
power of such conversion than does Robinson tobacco. 
As shown in table VI, the topped and suckered N. 
glutinosa plant has seven times more total alkaloid 
than that not topped or suckered, while the nornico- 
tine to total alkaloid ratio is even higher in the leaf 
of the topped than the untopped plants. These re- 
sults indicate that the activity of the enzyme system 
which is responsible for nicotine—-nornicotine conver- 
sion in N. glutinosa is much greater than in Robinson 
tobacco, and therefore an increase in substrate would 
not affect appreciably the amount converted. Also, 
since topped plants had a higher proportion of mature 
leaves than did the untopped plants, a higher nornico- 
tine to total alkaloid ratio is to be expected in the 
former than the latter if the enzyme is not a limiting 
factor. 


SUMMARY 


The content of nicotine and of nornicotine in two 
selections from the genus Nicotiana, known to contain 
more nornicotine than most commercial varieties of 


tobacco, was observed at different stages from seed to 
mature plant. 

No pyridine alkaloids were found in the seeds of 
Robinson tobacco, while nicotinic acid and nicotine 
were detected in the seeds of N. glutinosa. The initial 
rate of nicotine synthesis was much higher in N. gluti- 
nosa than in Robinson tobacco. In young seedlings 
of both strains nornicotine was detected in the root 
as early or earlier than in the shoot. From N. gluti- 
nosa seedlings to mature plants the nornicotine con- 
tent per plant increased continuously, but nicotine 
increased and then decreased. No nicotine was de- 
tected in the leaves of over-mature, greenhouse-grown 
N. glutinosa during the last two weeks when the nor- 
nicotine increased 62 and 103 mg per plant weekly. 
There was little change of nicotine and nornicotine 
content in the root or stem at this time. All these 
results indicate that some nornicotine found in the 
root or in the shoot may not be formed from nicotine. 

In Robinson tobacco the conversion of nicotine to 
nornicotine is not accelerated to the same degree as 
a result of topping as is nicotine synthesis, thus the 
ratio of nornicotine to total alkaloid is lower in topped 
plants. In N. glutinosa, where the nicotine to nor- 
nicotine conversion system is strongly active even in 
immature plants, this system is not limiting even 
when the alkaloid content is increased greatly due to 
topping and suckering. 
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UTILIZATION OF GLYCEROL IN THE TISSUES OF THE 
CASTOR BEAN SEEDLING"? 


HARRY BEEVERS 
DEPARTMENT OF BIOLOGICAL SCIENCES, PurDUE UNIveRSITY, LAFAYETTE, INDIANA 


Although it has been recognized for some time 
that glycerol, as one of the products of lipase action, 
is produced during the germination of fatty seeds, no 
definitive work seems to have been done on its sub- 
sequent metabolism. The present experiments with 
glycerol-1-C!4 were begun in the hope that the use 
of labeled material might allow a successful approach 
to this problem. 

While this work was in progress Stumpf reported 
an investigation of glycerol oxidation by cell-free 
preparations from peanut seedlings (11). He suc- 
ceeded in providing evidence for the existence of 
enzyme systems which cooperated in converting glyc- 
erol to CO, by a pathway including a-glycerol phos- 
phate and pyruvate and subsequent oxidation in the 
Krebs cycle. Although the amounts of glycerol oxi- 
dized by the cell free system were very small, the re- 
sults gave firm support for the conclusion that an 
oxidation pathway which might have appeared the 
most likely from a knowledge of comparative bio- 
chemistry did in fact exist in the tissue concerned. 

All of the experiments in the present report were 
carried out on intact tissues. It will be shown, how- 
ever, that there is evidence for the participation of 
a sequence of reactions, analogous to that described 
by Stumpf, in the very active oxidation of glycerol 
by castor bean cotyledons. In addition, it becomes 
clear that oxidation to CO, represents only one of 
the metabolic fates of glycerol in the tissues; a con- 
siderably larger fraction of the supplied glycerol is 
rapidly incorporated into sucrose. Preliminary re- 
ports of this work have appeared elsewhere (2, 4). 


MATERIALS AND METHODS 


Castor bean seeds (Ricinus communis L.) var. 
US. 70 were germinated as described elsewhere (5). 
Under these conditions the seedling produces a pri- 
mary root of about 8 cm in 4 days, when the hypo- 
cotyl is just beginning to elongate. After 7 to 8 days 
the hypocotyl has reached a height of about 10 cm 


1 Received May 8, 1956. 

2 This paper is based on research supported by a 
grant (NSF-G 265) from the National Science Founda- 
tion. 


and the endosperm tissue has by then been almost 
completely absorbed by the enlarging cotyledons. It 
has been shown (4, 10) that active hydrolysis of the 
fats in the seed begins after 3 to 4 days of germina- 
tion and free sugars, particularly sucrose appear in 
quantity in the seedling. Most of the experimental 
work in the present paper was done with cotyledons 
taken from 5- to 6-day seedlings; i.e., at a stage 
when an active breakdown and utilization of fats in 
the endosperm was occurring. Some experiments 
with other tissues of the seedling are also included, 
and for comparison the ability of some other tissues 
to oxidize glycerol was also examined. 

Glycerol-1-C14 with a rated specific activity of 1 
millicurie per millimole was supplied by California 
Foundation for Biochemical Research. For use it 
was diluted with an unlabeled glycerol solution so 
that 0.1 ml contained 10 micromoles and from 1,000 
to 6,000 cpm (counts per minute). The actual ac- 
tivities of the glycerol solutions used in the individ- 
ual experiments were determined by oxidation in the 
apparatus of Stutz and Burris (12). 

The methods used are similar to those which have 
been described previously in another connection (6). 
The intact cotyledons (or thin slices of the other tis- 
sues) were placed in 100-ml Warburg flasks with 3 
to 4 ml solution containing 0.5 ml 0.1 M_ potassium 
phosphate at pH 5.0. The CO, was collected in 
KOH, converted to BaCO, and assayed for radio- 
activity in a windowless gas flow counter. The fig- 
ures for radioactivity are recorded in cpm, corrected 
for background and self-absorption. 

At the end of the experimental period the tissues 
were extracted in hot 80% ethanol. After evapora- 
tion of the water and alcohol on a steam bath the 
residue was washed with ether and then dissolved in 
water. The solution was treated with Amberlite 


MB-1 exchange resin (Rohm and Haas) to remove 
ionic materials, and concentrated to a small volume 
for application as a band on Whatman No. 3 paper. 
It was chromatographed for 24 hours with n-butanol- 
ethanol-water (52.5:32:15.5 v/v) as the solvent. 
The solvent was allowed to drip off the paper. After 
drying, the paper was cut crosswise into 14” strips. 
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The sugars were eluted by suspending the individual 
strips on hooked “cold fingers” in test tubes contain- 
ing about 3 ml of water and refluxing for 30 to 40 
minutes. The eluates were made to 5 ml and 2 ml 
samples were taken from each for sucrose analysis by 
the orcinol method (7). A further 2-ml sample from 
each tube was dried down on a steel planchet and 
counted directly. Hydrolysis of the sucrose was ac- 
complished with a commercial invertase preparation 
(Nutritional Biochemicals Corporation) and the sep- 
aration of glucose from the products carried out as 
in table IV. 

Degradation of the glucose was carried out by the 
method of Gunsalus and Gibbs (8). 


RESULTS 


RESPIRATION OF GLYCEROL By PLANT TISSUES: 
The results in table I show that glycerol is converted 
to CO, by each of the materials tested, but at widely 
different rates; several tissues without fatty food re- 
serves nevertheless attack glycerol actively. For a 
given weight of tissue, the castor bean cotyledon was 
the most efficient in its ability to oxidize glycerol but 
this is also the tissue with the highest metabolic rate 
as shown by the rate of endogenous CO, release. 
The addition of small amounts of glycerol did not 
lead to increases in the already high endogenous rates 
of O. uptake and CO, output. It will be noticed 
that the castor bean endosperm tissue, which may be 
regarded as the source of glycerol, was much less effi- 
cient in oxidizing it than the neighboring tissues 
(cotyledon and hypocotyl) of the seedling proper. 

Course or C!#O, RELEASE AND YIELD 
DurInGc GLYCEROL OXIDATION BY BEAN Cort- 
YLEDONS: Figure 1 shows that, within the range 10 
to 30 micromoles, the total yield of C'40, depends 


C.PM.inCOg 


TABLE I 


Tue Rewative ABILITIES OF TISSUES TO 
OxipIzE GLYCEROL 


PERCENT OF SUPPLIED 
TISSUE = _— RADIOACTIVITY IN 
RESPIRED CO: 
Castor bean, 6-day 
Endosperm 6.0 0.2 
Petiole 8.2 17 
Hypocotyl 144 6.0 
Cotyledon 29.4 144 
Tomato 

Internode 69 0.7 

Corn 
Stem 52 15 
Root 69 17 

Pea 
Internode 6.0 41 

Red kidney bean 

Petiole 8.1 7.7 


One gm samples of the various tissues were allowed 
to respire for 4 hrs in a medium containing 20 micro- 
moles glycerol-1-C“. The respired COz was collected 
in KOH and converted to BaCOs. 


on the amount of substrate supplied. At each sub- 
strate level, the initially high rate of C140, evolution 
declined rapidly, even though the rate of endogenous 
CO, output was maintained. The progress curves 
for percentage yield follow a closely similar course 
throughout, and show that at each level of glycerol 
roughly 25 % of the substrate provided had appeared 
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Fic. 1. Time course of glycerol oxidation by castor bean cotyledons. One gm samples were incubated with 
the amounts of glycerol indicated, in 4.0 ml solution containing 1.0 ml 0.1 M KH:PQ,, pH 5.0. 
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as CO, at the end of 23 hours, when the rates of 
C40, release had slowed down to a low value. 

This evidence might be taken to indicate that a 
major fraction of the supplied glycerol suffers an 
alternative fate and subsequent experiments have 
shown this to be so. Most of these experiments have 
been of 4- to 6-hr duration and the amount of glyc- 
erol oxidized during this period was usually in the 
range of 15 to 20% of that added (“control” values 
in table V). 

PatHWAY OF GLYCEROL OxIDATION: Some clues as 
to the mechanism of the glycerol-CO, conversion in 
vivo are provided by the following considerations. 

(a) Anaerobic conditions almost completely pre- 
vent the breakdown of glycerol to COj. Whereas in 
air, in a particular experiment, 20.4 % of the added 
glycerol-C!4 had appeared as CO, after 4.75 hours, 
the percentage yields from duplicate samples in ni- 
trogen were 1.68 and 1.43; a reduction of some 92 % 
due to removal of O, from the system. Fermenta- 
tion of endogenous substrates was, nevertheless, quite 
high (CO, output 64 % of that in air). It thus ap- 
pears likely that the hindrance to glycerol break- 
down imposed by anaerobic conditions is not due to 
any attendent deficiency in phosphorylating capacity 
of the tissue. One might, rather, suppose that some 
oxidative step in glycerol utilization is obligatorily 
linked to atmospheric O, and thus cannot be main- 
tained by the acetaldehyde to alcohol reduction 
which is recognized as the major internal H-accept- 
ing system under these conditions. Although these 
considerations do not rule out the possible participa- 
tion of a DPN-linked a-glycerophosphate dehydro- 
genase they would be neatly accommodated, if, as in 
Stumpf’s system, the dehydrogenation of a-glycero- 
phosphate by the cytochrome-linked enzyme (which 
would require O, for its continued operation) af- 
forded the main pathway for the introduction of 
glycerol into the glycolytic sequence. 

(b) Fluoride slows down the endogenous O,-up- 
take of the cotyledons and inhibits the CO, release 
from glycerol-C™ to a similar degree (table IT). 


TABLE II 


Tue Errects or FLvoRIDE AND MALONATE ON O2 UPTAKE 
AND C“O. OurpuT IN THE PRESENCE OF 


Gtyceror-1-C™ 
TYPE Conc. UPTAKE 
M x ul cpm 
0 0 2150; 2300 100 1065; 1087 100 
NaF 5 1013 46 477 44 
= 13 175 8 54 5 
= 25 16 1 8 1 
Malonic acid 13 895 40 1550 143 
458 21 697 65 
bi 326 15 525 49 


Samples (500 mg) of cotyledons were incubated for 
6.75 hrs with 20 micromoles glycerol-1-C™ (10,800 cpm). 
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Fic. 2. The effect of 2,4-dinitrophenol on CO, re- 
lease from glycerol. Samples of 800 mg cotyledon 
tissue were incubated for 5 hrs in the presence of 20 
micromoles (4470 cpm) of glycerol-C™. 


(c) Malonate also reduces C!4O, output, but only 
in concentrations greater than 0.02 M. However, 0.- 
uptake was much more strikingly depressed, and at 
the lowest malonate level, which actually stimulated 
C40, output, O. uptake was reduced by more than 
half. From other experiments with malonate it has 
been conclude! that when the operation of the Krebs 
cycle is slowed down by malonate, pyruvate is di- 
verted to CO, and alcohol (1) and the CO, output 
(which under these conditions results from the resid- 
ual Krebs cycle activity and the decarboxylation of 
pyruvate to acetaldehyde) may be much less in- 
hibited than the O. uptake. If this were so in the 
present case then a fraction of the C'O, produced 
from glycerol in the presence of malonate might have 
arisen from direct pyruvate decarboxylation. The 
fact that radioactive alcohol, with 97 % of its activ- 
ity in the CHg group, has now been isolated from 
cotyledons respiring glycerol-1-C!* in the presence of 
malonate is obviously in accord with this supposition, 
and may, in fact be considered as evidence for the 
participation of pyruvate as an intermediate in glyc- 
erol oxidation. 

Errect or 2,4-DINITROPHENOL (DNP) on 
GLYcEROL Ox1paTION: The addition of DNP brought 
about effects of the kind shown in figure 2. At con- 
centrations between 6x 10° and 1x10°M, C!40, 
output from glycerol-C14 was strikingly stimulated, 
and at about 4x 10M the yield of C'40, was some 
2.5 times that of the control. In the absence of 
DNP, as pointed out earlier, the C140, yield from 
glycerol amounts to about 20 % of that supplied; at 
the most effective DNP levels, yields of up to 73 % 
of the supplied glycerol have been obtained. 


: 
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IDENTIFICATION OF SUCROSE AS A Masor Propuct 
or GLYCEROL UTILIZATION: When extracts from un- 
treated cotyledons were chromatographed and the 
papers sprayed for reducing sugars before and after 
hydrolysis with invertase, it was at once clear that 
sucrose comprised by far the greatest proportion of 
free sugars. Only faint traces of glucose and fructose 
were observed. Extracts from tissues which had 
been incubated for several hours with glycerol-C!* 
contained similarly large amounts of sucrose (up to 
about 100 micromoles/gm fresh weight in 7-day cot- 
yledons) and direct counting on the paper showed 
that the sucrose area was radioactive. An autoradio- 
graph showed that other areas of the chromatogram 
were virtually without activity. 

At the end of 6- to 7-hr experiments in which 1 
gm of cotyledons had been incubated with 20 micro- 
moles glycerol-C!*, it was found that the cotyledon 
residues, after 80% alcohol extraction, contained 
only small amounts of activity as judged by a thin 
window counter. The ether washings contained less 
than 10% of the added C14. Thus the material 
placed on the chromatogram contained the bulk of 
the C1 which had not been respired as COs, and 
since this appeared to be concentrated in the sucrose 
area it was clear that a substantial fraction of the 
glycerol had been incorporated into this product. 


Quantitative estimation was therefore undertaken by 
the methods outlined above. 

The results obtained from a typical chromato- 
gram are shown in figure 3. The coincidence of the 
sucrose and radioactivity peaks is striking. The 
smaller peak in radioactivity in samples 11 and 12 
corresponds to unreacted glycerol. Any radioactive 
glucose or fructose would have given rise to peaks in 
the region of samples 6 to 10. Estimates of total 
sucrose and radioactivity were obtained by summing 
the contributions of samples comprising the sucrose 
peak of the curve; in the example shown these would 
be samples 3 and 4. 

The “control” values in table V are examples of 
such estimates and these show that as much as 60 % 
of the glycerol carbon supplied may be incorporated 
into this sucrose component, and at the same time 
somewhat less than 20% of the C!* was appearing 
as COg. 

After chromatographing again in the same solvent 
and eluting, a sample of the radioactive sucrose was 
partially hydrolyzed with invertase and the products 
separated chromatographically in phenol-water. The 
following amounts of radioactivity were observed in 
the products: unhydrolyzed sucrose, 420 epm; glu- 
cose, 968 cpm and fructose, 843 cpm. It is clear 
therefore that the glucose and fructose moieties of 
the sucrose are fairly equally labeled. 


CPM./SAMPLE 
3,000 | 
Ww 
RADIOACTIVITY 
- 
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SAMPLE NUMBER 


Fic. 3. Sucrose content and radioactivity of eluates from successive %” strips cut from a typical chromato- 


gram (see text). 
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TABLE III 


Tue Errecr or ADDED GLYCEROL ON THE SUCROSE 
ContTENT oF 7-Day CoryLeDONS 


Sucrose/GM 

ConDITIONS FRESH WT 

OF TISSUE 

micromoles micromoles 
Beginning of experiment 0 95.2 
After 6-hr incubation 0 87.0 
“ “ “ 50 91.0 
“ “ “ 400 96.4 


As shown in table III there is a considerable utili- 
zation of native sucrose in the cotyledon during the 
experimental period. The provision of the small 
amounts (20 micromoles) of glycerol used in the 
above experiments does not lead to any net synthesis 
of sucrose, although a sparing effect on the utilization 
of sucrose is evident. In the presence of larger 
amounts of glycerol, however, the sucrose deficit may 
be completely offset and even a small amount of net 
synthesis obtained (table III). Although the endo- 
sperm, in contrast to the cotyledon, was found to 
oxidize glycerol only very slowly, a single experiment 
showed that there is a rapid assimilation of glycerol 
into sucrose in this tissue also. 

The large percentage incorporation of glycerol 
carbon into sucrose would indicate that the intact 
C-3 skeleton, rather than any smaller breakdown 
product, was being assimilated. That this is, in fact, 
so was shown by degrading stepwise a glucose sample 
obtained from hydrolysis of the radioactive sucrose 
by the procedure outlined in table IV. The last row 
of figures shows that 97 % of the C' was confined 
to carbons 1, 3, 4 and 6 of the glucose, and distrib- 


TABLE IV 
ISOLATION AND DEGRADATION OF GLUCOSE 

CARBON SPECIFIC ACTIVITY 
ATOM OF ACTIVITY AS Yo OF 
GLUCOSE Muc/MG C TOTAL 

1 166 26.8 

2 0.09 15 

3 1.58 25.3 

4 151 24.4 

5 0.11 18 

6 1.23 20.0 


Castor bean cotyledons were incubated with glyc- 
erol-1-C™ and extracted with hot 80% alcohol. The 
extract was evaporated to dryness, washed with ether 
and dissolved in water. After treatment with Amber- 
lite MB1, it was chromatographed on Whatman No. 3 
paper in n-butanol-ethanol-H.O (solvent I). The su- 
crose area was eluted and chromatographed again in 
the same solvent. After elution the sucrose was hydro- 
lyzed with invertase and the products separated chro- 
matographically using solvent I. The glucose area was 
eluted and chromatographed in phenol-H:O. The glu- 
cose (80 micromoles, 12,500 cpm) was eluted and 400 
micromoles carrier glucose added before degradation by 
the Leuconostoc procedure (8). 


uted fairly evenly between these positions. Such a 
distribution of activity would be predicted only if 
the terminally labeled glycerol skeleton was incorpo- 
rated intact into the glucose. 

EFFECTS OF INTERFERING SUBSTANCES ON THE 
INCORPORATION OF GLYCEROL INTO SucrRosE, Dinitro- 
phenol: DNP in the same concentrations which 
stimulate glycerol oxidation produces equally strik- 
ing and opposite effects on the conversion of glycerol 
to sucrose. As the data in table V show, the reduc- 
tion in assimilation is offset in each case by a cor- 
responding increase in CO, output from the glycerol 
and the total C14 accounted for in the two fractions 
(60 to 80 % of that added) was essentially the same 
whether DNP was present or not. 

Malonate and Fluoride: Malonate and fluoride in 
concentrations which strongly inhibited glycerol oxi- 
dation, also slowed down its incorporation into su- 


TABLE V 


Tue Errecr or DINITROPHENOL ON THE FATE OF 
GLYCEROL SUPPLIED TO Castor BEAN COTYLEDONS 


Mx 10° ACTIVITY SUCROSE 
Expt I—4 hrs 
0 1800 15.3 5086 43.0 
is 4040 34.3 3230 27.7 
3.0 6450 54.7 1766 15.0 
5.0 5250 44.5 1658 14.1 
Expt II—6 hrs 
0 2152 18.1 7177 60.4 
2.9 5920 49.7 3644 30.6 
Expt III—é6 hrs 
0 890 19.9 2030 456 
29 2360 52.7 734 16.4 


To each sample 20 micromoles of glycerol-1-C“ were 
added. Sucrose isolated from the tissue and the 
respired CO. were assayed for radioactivity. 


crose, but to a somewhat lesser degree. Thus when 
the fluoride (0.07 M) and malonate (0.07 M) inhibi- 
tions of C140, output were 97 % and 84%, respec- 
tively, the incorporation of glycerol-C!* into sucrose 
was reduced by 82 % and 69 %. 


Discussion 


The results show that, at least in the excised 
castor bean cotyledon, the bulk of the glycerol sup- 
plied to it suffers one of two fates. One of these, in- 
corporation into sucrose accounted for about three 
times as much of the glycerol carbon as did the 
other, conversion to CO ,. These changes are ac- 
complished in a few hours and after this there is a 
slow release of C!40., which presumably originates 
from the radioactive sucrose pool in the tissues. 

The effects of anaerobiosis and of the inhibitors 
malonate and fluoride were shown to be those ex- 
pected if the glycerol were being oxidized by a se- 
quence involving introduction of a phosphorylated 
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glycerol derivative into the glycolytic sequence and 
oxidation of the resulting pyruvate through the 
Krebs cycle. Such a sequence which had seemed 
likely from considerations of comparative biochemis- 
try has in fact recently been demonstrated in a cell- 
free system from peanut seedlings by Stumpf (11). 
The present demonstration that the pattern of label- 
ing in the glucose (derived from the sucrose by 
hydrolysis) is such as to indicate that two glycerol 
skeletons have condensed together is strong presump- 
tive evidence that triose phosphates are also inter- 
mediates in the synthesis of sucrose from glycerol. 

It is therefore supposed that the metabolism of 
glycerol in the cotyledon involves conversion to 
triose phosphate and that this may be the point at 
which the two major pathways of its utilization 
diverge. Since each molecule of sucrose synthesized 
represents four glycerol residues, and the incorpora- 
tion of glycerol carbon into sucrose was about 3 to 
4 times that of its appearance in the CO, it is clear 
that under the conditions of experimental glycerol 
supply, the rates of the reactions which competed for 
the triose were fairly similar. In the presence of 
DNP, it will be recalled, there were striking changes 
in the relative contributions of the synthetic and 
oxidative pathways of glycerol utilization (table V). 
The increased oxidation of the glycerol is thought to 
be due to the indirect induction of a higher rate of 
glycolysis by the DNP (3). Under these conditions 
glycolysis competes on superior terms for the triose 
intermediate and thus a much smaller fraction of the 
glycerol is converted into sucrose. This interpreta- 
tion would give a further point of emphasis to the 
importance of the control exerted over the glycolysis 
rate by the “aerobic” phosphorylative events which 
are subject to uncoupling by DNP. 

Finally, it should be mentioned that the ability of 
the castor bean tissues to convert smaller molecules 
into sucrose is not confined to glycerol, since a large 
fraction of supplied acetate carbon may also be so 


‘incorporated (unpublished results). These reactions 


whereby each of the presumptive breakdown products 
of fat may be converted to sugars are apparently of 
some importance in the economy of the castor bean 
seedling, since it has been shown that conversion of 
fatty reserves into carbohydrate takes place in this 
material (10) and the respiratory quotients of those 
parts of the embryo other than the cotyledons in- 
dicate that carbohydrates alone are being respired 
(9). 
SUMMARY 

Non-green cotyledons excised from young germi- 

nating seedlings of castor bean have been shown to 


metabolize glycerol-C1* actively under aerobic con- 
ditions. About one quarter of the supplied glycerol 


was oxidized to C40, by a sequence which ap- 
parently involved glycolytic intermediates, pyruvic 
acid and the Krebs cycle. A large fraction of the 
remainder of the glycerol was found in sucrose iso- 
lated from the tissue, and degradation showed that 
the glycerol carbon skeleton had been incorporated 
intact, as would be required if the glycerol were first 
converted to triosephosphate and then subject to the 
action of aldolase. 

The effects of 2,4-dinitrophenol on this system are 
described, and the interpretation put on these results 
is that the extent to which synthesis of sucrose from 
glycerol occurs is governed by the rate of glycolytic 
utilization of triosephosphate, which is itself regulated 
by the aerobic phosphorylations in the tissue. 


I am indebted to Dr. Martin Gibbs for instructing 
me in the use of the Leuconostoc degradative 
procedure. 
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Reports on the translocation of 2,4-dichlorophe- 
noxyacetic acid (2,4-D) are confused and contra- 
dictory. Because the transport of indoleacetic acid 
(IAA) is known to be polar and basipetal, it might 
be expected that 2,4-D applied as a herbicide would 
be transported in the same way, and some workers 
have assumed this. Yet it seems inherently improba- 
ble that the mechanism of normal auxin transport, 
which is dependent on metabolism, would operate with 
a substance whose concentration is high enough to 
poison the cells it enters. Other workers, observing 
that the application of isotope-labeled 2,4-D gives rise 
to radioactivity in all parts of the plant, have con- 
cluded that transport takes place readily in all direc- 
tions. It was shown in part I, however, (7) that 
deductions based merely on isotope distribution after 
application of 2,4-D are invalid. Thirdly, a number 
of experiments have been considered to indicate mass 
flow of 2,4-D in the phloem, while many field obser- 
vations point only to movement with the transpira- 
tion stream in the xylem. 

For these reasons, a study of the translocation of 
2,4-D at moderate concentrations, under controlled 
laboratory conditions, and by a method specific for 
the intact 2,4-D molecule seemed desirable. The 
method used is described in the preceding paper (7). 
The plants were seedlings of Phaseolus vulgaris, var. 
Dwarf Red Kidney bean, 14 days old, with their roots 
in water and all leaves but one removed. Experi- 
ments were carried out under artificial light (about 
1900 ft-c) at 19° C unless otherwise described in the 
text. With this method, the transport and loss of 
2,4-D were followed simultaneously. The material 
was applied to the one remaining primary leaf and 
later extracted from various parts of the plant. The 
amounts recovered were assayed with the split pea- 
stem test to yield quantitative data on the amounts 
of unchanged 2,4-D moving to each part of the plant 
under various conditions. All figures are the average 
of at least two trials with the result that in some cases 
data in the tables may be slightly below the minimum 
determinable in a single test (7). Particular attention 
was given to the quantities moving to the base of the 
shoot and to the roots, since this information is not 
given by methods which depend on the curvature of 
the epicotyl, or on the inhibition of the terminal bud 
of seedlings to which 2,4-D has been applied. 


EXPERIMENTAL 


TRANSPORT AS A FUNCTION OF TIME: It was shown 
in the preceding paper (7) that applied 2,4-D rapidly 
disappears from bean seedlings. While some of the 
2,4-D may perhaps be converted to an ether-insoluble 


1 Revised manuscript received May 22, 1956. 
2 Present address: Field Husbandry Division, Central 
Experimental Farm, Ottawa, Canada. 
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complex, no doubt the bulk of this disappearance is 
due to destruction. Destruction is therefore going on 
throughout a transport experiment. For this reason 
the time which can be allowed for transport is limited. 
Fortunately, the transport is relatively rapid. The 
general distribution of 2,4-D as a function of time 
after application is shown in table I. The figures are 
the actual amounts in micrograms, determined from 
the calibration curve carried out with pure 2,4-D at 
the same pH,as the extract and on the same day. 


It is clear that 2,4-D travels from the point of 
application (the leaf flap) into other parts of the 
plant. None, however, was recovered from the base 
of the hypocotyl or the roots, although less than one 
microgram may have been present there since this is 
the limit of sensitivity of the method. In any event 
this would be less than 0.5% of the total applied. 
There is evidently a sharp gradient between the top 
and bottom halves of the hypocotyl, so that the block 
to movement is not at the root-stem transition but in 
the hypocotyl. 

After 24 hours the amounts of 2,4-D recoverable 
from all parts of the plant diminish steadily (table I, 
also table I and fig 3 of reference 7). The decrease 
in the leaf could, of course, be ascribed to transport 
out of it, but the failure of 2,4-D to increase in the 
stem after 24 hours indicates rather that transport is 
no longer occurring. This conclusion was tested by 
making a second application of 50 pgm of 2,4-D via 
a new flap in the treated leaf at 24 hours after the 
first application (table II). At the end of the first 
24 hours, 18, 14 and 1 ygm were found in the epi- 
cotyl, upper and lower halves of the hypocotyl respec- 
tively, while at 48 hours these had diminished to 6, 
4 and 0 pgm. Hence, after a second application of 
the same quantity, if the transport mechanism was 


TABLE 


Recovery or 2,4-D rrom Various Parts or 4 BEAN 
SEEDLINGS AT DIFFERENT TIMES AFTER 
APPLICATION 


Recovery OF 2,4-D, 


TIME Hypocoryi %, 
IN =BLADE Err — 
HRS AND Roots 
Di 
6 150 34 4 0 0 0 94 
12 56 90 19 Trace 0 0 82 
24 50 56 37 5 0 0 74 
36 48 29 33 Trace 0 0 55 
48 42 19 27 0 44 


In each case 50 ugm 2,4-D in 02 ml water were 
applied to the primary leaf (total 200 »gm) and uptake 
was complete in about 15 hrs. 
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TABLE II 


Recovery OF 2,4-D rrom Stems or 4 BEAN SEEDLINGS 
AFTER ONE AND Two APPLICATIONS TO THE 
Primary LEAF 


Recovery oF 2,4-D, 


AFTER 1 APPLICATION AFTER 2 APPLICATIONS 


24 Hrs 48 Hrs 48 Hrs 


SreM PARTS 


Epicotyl 18 6 11 


Hypocotyl 
Upper half 14 4 5 
Lower half 1 0 0 


In each case 50 ywgm 2,4-D were applied; second 
application was made to a new flap 24 hrs after the first. 
Analyses for recovery of 2,4-D were made at 24 hrs and 
48 hrs. 


unimpaired, one would expect to find 18 y»gm in the 
top part of the hypocotyl at 48 hours, i.e., 4 »gm left 
from the original treatment plus 14 pgm from the 
second application made 24 hours before extraction. 
As shown in table II, only a third of the expected 
amount was found, so that little or none of the second 
application was translocated into the hypocotyl under 
these conditions. Similarly, in the epicotyl, if trans- 
port continued at the initial rate, 18 pgm would be ex- 
pected to move there in the second 24 hours whereas 
only 5 pgm appeared. Evidently, therefore, after 
2,4-D has been present in the tissue for 24 hours, 
transport of the 2,4-D is very greatly diminished. 

TRANSLOCATION OF 2,4-D as A FUNCTION OF 
AMouNT APPLIED: A series of experiments was con- 
ducted in which the dosage of 2,4-D was varied from 
12.5 up to 100 ygm per plant. All plants were har- 
vested at 24 hours after application. The actual 
amounts and the percentage recovered from the differ- 
ent parts are recorded in table III. When only 12.5 
pgm of 2,4-D were applied per plant less than 1% 
was detected in the stem at 24 hours. As the dosage 
was raised to 75 ygm per plant the absolute amount 
transported into the stem increased, although the per- 
centage of the total applied did not increase appre- 
ciably. When the dose was further increased to 100 
pgm per plant, there was a decrease in the amount 
transported into both epicotyl and hypocotyl. The 
amount entering the leaf, however, increased in abso- 
lute amount and in percentage, showing the effect of 
2,4-D in damaging the transport mechanism is exerted 
mainly in the stem. 

It will be noticed also that the amount destroyed, 
when 25 pgm or more are applied, is essentially con- 
stant. The system or systems which lead to the 
destruction, or other mode of disappearance, are evi- 
dently saturated at this concentration. 

NATURE OF THE TISSUES TRANSPORTING 2,4-D: In 
a series of experiments, 50 pgm of 2,4-D were applied 
as usual to one primary leaf of each of 4 plants, and 
after 24 hours the xylem was separated from the 
phloem and cortex of the epicotyls and extracted 


447 


separately. In the first trial, the phloem and cortex 
contained 11 ygm and the xylem 13 pgm; in another 
trial using only part of the epicotyl, 5 pgm were re- 
covered from the phloem and cortex and 6 from the 
xylem. Thus, the 2,4-D was almost equally divided 
between the two regions. This suggests that all tis- 
sues may participate in transporting 2,4-D. Experi- 
ments with ringed plants, however, disprove this 
possibility. In the intact plant, 14 »gm of 2,4-D were 
recovered in the upper half of the hypocotyl. If, 
however, a ring of cortex and phloem 1 em long was 
removed from the bottom of the epicotyl, movement 
into the hypocotyl was completely stopped (table IV, 
second column). Downward movement, therefore, 
took place in the region of the phloem and cortex, or 
possibly in the region of the cambium and its young 
derivatives, which is largely destroyed in ringing oper- 
ations. It may be deduced that the 2,4-D found in 
the xylem of the epicotyl probably moved there later- 
ally from the adjacent cortex. This general behavior 
agrees with the earlier findings of Skoog (17) on the 
movement of IAA in tomato plants. 

ROLE OF CARBOHYDRATES IN THE TRANSLOCATION 
or 2,4-D rrom THE Lear: Some of the earliest experi- 
ments with 2,4-D (11, 13) suggested that it was not 
translocated in the dark. When bean seedlings were 
kept in the dark before and after the application of 
2,4-D to the primary leaf, the growth response of the 
epicotyl was not observed. If, however, sugar was 
applied to the leaves with the 2,4-D the epicotyl did 
curve (15, 20). Unfortunately the result is inconclu- 
sive, for while the sugar may indeed have brought 
about the translocation of the auxin, it could equally 
well have exerted its effect by making it possible for 
the growth response to be exhibited. 

The data presented in table V show directly that 
the 2,4-D is not transported from bean leaves in the 
dark. These plants were kept in the dark for 18 
hours prior to the application of 50 pgm of 2,4-D and 
for 24 hours thereafter. In the dark, the 2,4-D was 
taken up and actually moved from the flap to the 
remainder of the leaf, but movement into or down the 


TABLE III 


Recovery oF 2,4-D From Various Parts oF BEAN SEED- 

LINGS AT 24 Hrs WHEN DirrerRENT AMOUNTS WERE 

APPLIED TO THE PriMAry LEAF IN 0.2 Mt or SoLuTIONn 
Per PLANT 


Recovery OF 2,4-D 


2,4-D 
APPLIED 
T04 
PLANTS 
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cory. Uprer Lower COVERY STROYED 


HALF HALF 


n 
n 
ut 
1e 
se 
ne 
is 
nt 
d. 
ek 
in 
le 
I, 
ise 
rt 
he 
by 
via 
che 
rst 
pi- 
ec- 
6, 
of 
vas 
4 % ugm 
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TABLE IV 


Recovery or 2,4-D rrom Various Parts or 4 BEAN SEED- 

uincs 24 Hrs arrer 50 wom (Tora 200 WERE 

APPLIED TO THE PriMARy LEAF UNDER CONDITIONS WHICH 
Mopiry TRANSLOCATION 


Recovery oF 2,4-D, 


Hypocoryi 
AND AND Roots 
Intact plants 58 29 18 14 1 0 
“Ring” at base 
of epicotyl 64 58 12* 0 
Roots in 0.12 M 
mannitol 
solution 68 14 14 6 0 0 


* Includes ringed area. 


stem was negligible. As a result, large quantities of 
2,4-D accumulated in the leaf. When 10% sucrose 
was painted on the leaves at the same time as the 
2,4-D was applied in the dark, movement out of the 
leaf did occur. This movement was not as extensive 
as that occurring in the light, since more was found 
in the upper half of the hypocotyl under the latter 
conditions. However, the evidence does confirm the 
conclusion (13, 15, 20) that light, or the carbohydrate 
formed thereby, is essential for the transport of auxin 
from the leaves. 

Table V also shows that addition of sucrose in the 
light did not enhance the transport of 2,4-D nor did 
the addition of sucrose some hours after the applica- 
tion of the auxin increase the movement. For exam- 
ple, when 10°% sucrose was painted on the leaves at 9 
hours, 36 and 3 «gm were recovered from the epicotyl 
and top of the hypocotyl respectively, while 48 and 9 
pgm were recovered from these parts of plants which 
received the same amount of 2,4-D but no sugar. 
Thus, while carbohydrate can substitute for light to 
make transport from carbohydrate-deficient leaves 
possible, it does not add to the effect of light. 

Many workers (2, 3, 4, 9, 10, 11, 13, 20) have 
interpreted the influence of carbohydrate on 2,4-D 
transport in terms of the mass flow hypothesis of 
Miinch (12), believing that the 2,4-D is swept along 
with a mass flow out of leaves. There is, in general, 
a deficiency of strong evidence to support the mass 
flow hypothesis, and in this particular case it is espe- 
cially weak because the movement of 2,4-D in the 
dark has been induced only with carbohydrates. 
These are undoubtedly active osmotically, but on the 
other hand they might also be acting as a source of 
energy for a metabolic process. In other words, the 
role of sucrose, glucose and fructose in facilitating 
2,4-D transport could be that of providing energy for 
an active transport mechanism. In the tentacles of 
Drosera both uptake and transport of various organic 
compounds are active precesses (1). Transport of 
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auxin in the Avena coleoptile is clearly an active proc- 
ess also (19). Went (21) has drawn a parallel be- 
tween auxin transport and the active accumulation of 
ions against gradients as exhibited by roots and algue. 

An attempt was made to increase the gradient of 
suction force between leaves and roots by removing 
water from the roots. This was done by substituting 
the tap water of the flasks with a 0.12M mannitol 
solution. As shown in the last column of table IV the 
2,4-D did not move into the roots or the lower parts 
of the hypocotyl under these conditions. 

Table VI shows the results of attempts made to 
induce the transport of 2,4-D in the dark by applying 
compounds other than sucrose to the leaves. These 
compounds, urea, mannitol and arabinose, were chosen 
because, while osmotically active, they probably could 
not act as sources of energy in starch-depleted leaves. 
In the dark 0.29M or 0.15M sucrose could bring 
about as much translocation of 2,4-D into the epicoty] 
as in light (ef table V). However, neither 0.1 M nor 
0.15 M mannitol could duplicate this activity. Un- 
fortunately, the mannitol quite evidently inhibits up- 
take of 2,4-D into the leaf-blade and petiole. Higher 
concentrations of mannitol were not used because, 
unlike sucrose, they caused slight wilting of the edges 
of the leaf. This wilting indicates that the mannitol 
is not readily taken up hence, perhaps, not enough 
was entering the leaf to activate a mass flow. Never- 
theless, arabinose, even at 0.2 M, could not facilitate 
the transport of 2,4-D from the leaves (table V). 
Urea is known to enter cells readily causing reversal 
of plasmolysis, and to be metabolized as a nitrogen 
source. Solutions of urea at 0.15M and 0.25M, 
neither of which appeared to affect the turgidity of 


TABLE V 


Errect oF Sucrose IN AND Dark oN RECOVERY OF 
2,4-D rrom Various Parts or 4 BEAN SEEDLINGS 
AFTER 24 Hrs 


Recovery OF 2,4-D, 


Parts 

ey sn IN THE LIGHT IN THE DARK * 
Controt Sucrose Controt 

Vial 15 0 27 30 
Flap 43 30 26 28 
Blade 20 17 103 37 
Petiole 9 3 18 
Epicotyl 18 17 1 20 
Hypocotyl 

Upper half 14 19 0 1 

Lower half 1 1 0 0 
Total ugm 120 87 164 134 
Jo ; 60 44 82 67 


Fifty ugm 2,4-D were applied to the primary leaf 
(total 200 ugm) with and without the addition of 10% 
sucrose solution. 

* Plants were kept in the dark for 18 hours before 
application. 


wv 


the leaves, were totally unable to activate transport 
of 2,4-D. Table VI shows that there was no inhibi- 
tion of uptake. Thus, none of the compounds tested 
is capable of duplicating the action of sucrose under 
these conditions. This agrees with recent results of 
Jaworski et al (10) which have appeared since this 
work was done. These workers tested the ability of a 
number of compounds to induce the transport of 
radioactive 2,4-D from the leaves of etiolated bean 
seedlings. Sucrose and glucose brought about big in- 
creases in the amount of C! in the stems but other 
compounds did not. 

Errect OF Low TEMPERATURE ON TRANSPORT OF 
2,4-D: The occurrence of a mass flow movement could 
be tested in another way. If sucrose and 2,4-D were 
moving simultaneously in response to a differential in 
osmotic pressure, the transport should be relatively 
insensitive to temperature changes. It has been 
claimed by Hauser and Young (5) that there is no 
transport of 2,4-D in the light at low temperatures. 
However, the response in their tests depended on 
growth, which would be negligible at low tempera- 
tures, so that a positive test could not have been 
given by this method even if transport had occurred. 
Indeed, Kelly (8) has shown that 2,4-D in concentra- 
tions high enough to cause drastic growth distortions 
and toxicity at 30°C had no visible effect at 4°C. 
Tests depending on growth of the treated plants are 
therefore unsuitable in this case. 

The present method was used to determine the 
amounts of 2,4-D transported at 19°C and 4°C. All 
plants were kept in the dark at 19°C for 24 hours 
after which time 50 pgm of 2,4-D were applied to one 
primary leaf and the leaf painted with a 0.3 M sucrose 
solution as above. Some of the plants were kept at 
19° C and others at 4° C. Extractions were made 24 


TABLE VI 


Errect oF SucROSE AND OTHER SOLUTES ON RECOVERY OF 
2,4-D From Various Parts or 4 BEAN SEEDLINGS 
24 Hrs arTer APPLICATION IN THE Dark * 


Recovery OF 2,4-D, 
MANNI- ARABI- 


Sucrose par UREA 
TROL 0.29 0.15 0.15 01 02 0.25 0.15 
M M M M M M M 
Vialandflap 49 58 75 22 
Blade and 
petiole 106 55 13 29 
Epicotyl { 2 0 1 0 
Hypocotyl 
Upperhalf 0 0 Oo 0 
Lower half 0 0 0 


Fifty wgm 2,4-D were applied to the primary leaf 
(total 200 ugm); other solutions were painted on the 
same leaf. ; 

* Plants were kept in the dark for 18 hrs before appli- 
cation. 
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VII 


Errect oF TEMPERATURE ON Recovery oF 2,4-D From 
Various Parts or 4 BEAN SEEDLINGS 24 Hrs 
AFTER APPLICATION IN THE Dark * 


Recovery OF 2,4-D, uam 


Parts 

MEASURED 19° © 4° ty 
Vial and flap 58 60 
Blade and petiole 25 120 
Epicotyl 20 1 

Hypocotyl 
Upper half 1 2 
Lower half 0 0 


Fifty »gm 2,4-D were applied to the primary leaf 
(total 200 »gm) and the 0.29M sucrose was painted on 
the same leaf at 4 and 19° C. 

* Plants were kept in the dark at 19°C for 24 hrs 
before application. 


hours later. Untreated plants returned to room tem- 
perature after being kept at 4° C for 24 hours showed 
no ill effects from the exposure to cold. 

As shown in table VII, translocation out of the 
leaf at 4° C was negligible, although movement from 
the flap to the remainder of the leaf occurred readily. 
It appears, therefore, that movement within the leaf 
may depend on a temperature insensitive process while 
movement out of the leaf is temperature dependent. 


Discussion 


The results of these experiments show definitely 
that 2,4-D does not move from leaves in the dark. 
If, however, sucrose is applied at the same time as 
the 2,4-D, transport occurs. The frequently offered 
explanation that the sugar would increase the mass 
flow by raising the suction force of the leaf cells, and 
that the 2,4-D would then be carried along with the 
mass flow is made very unlikely by our experiments. 
Firstly, the failure of sucrose to increase the transport 
at 4°C is evidence that the movement is not due to 
a simple osmotic phenomenon. Secondly, the inability 
of mannitol, urea or arabinose to induce transport of 
2,4-D in the dark implies that some special character- 
istic of sucrose, other than its osmotic property, is 
concerned. Particularly in the case of urea, which is 
known to be readily taken up by leaves and to enter 
cells rapidly, some increase in the suction force must 
almost certainly occur. Finally, the application of 
mannitol to the roots does not affect the transport. 

There is, of course, considerable evidence in the 
literature against the mass flow hypothesis, at least, 
in its simple form. The morphology of sieve-plates 
themselves would appear to make free flow difficult. 
Schumacher’s evidence (16) shows that the movement 
of fluorescein in leaf veins is quite independent of 
changes in turgor pressure brought about by local. 
plasmolysis, or in fact of the leaf parenchyma itself.. 
Roeckl’s findings (14) that palisade cells can be plas-- 
molyzed in phloem sap makes it difficult to see how 


g 
d 
S. 
v1 
or 
1- 
er 
e, 
es 
ol 
zh 
te 
sal 
en 
of 
OSE 
) 
) 
) 
{ 
leaf 
0% 
fore 
> 


450 


solutes could pass from leaf parenchyma into phloem 
by a simple osmotic mechanism. Wanner has shown 
(18) that leaf cells contain mainly hexoses and their 
phosphates, while sieve tubes contain only sucrose, 
which makes it clear that metabolic processes partici- 
pate at least in the entry of solutes into sieve tubes. 
If we conclude that the movement of solutes from the 
palisade cells to the phloem is an active step then the 
present work is consistent with the view that the 
transport of 2,4-D or, at least, a step limiting its 
transport, is a metabolic process. Carbohydrate would 
be required as a source of energy so that compounds 
unable to furnish energy would be incapable of pro- 
moting transport. Such a step would also be sensitive 
to decreases in temperature. 

After 24 hours, further downward transport came 
almost to a standstill and the amounts found in the 
stem readily diminished. Apparently, therefore, 2,4-D 
disrupts the transport mechanism responsible for its 
own movement. The reduced transport when large 
amounts are applied (100 pgm per plant—table ITT) 
shows that the disruption can even take place in less 
than 24 hours. These data also are in accord with the 
concept of a metabolic process controlling the trans- 
’ port. Studies are reported elsewhere (see table II of 
reference 6) on the ability of short excised sections 
taken from different parts of the root and stem of 
bean seedlings of this age to transport IAA in a polar 
direction. Sections taken from the root-stem transi- 
tion zone or from the roots could not transport as 
much auxin per unit time as could sections taken from 
the stems. If this mechanism operates in intact 
plants, a possible block in downward transport of 
auxin may exist there. On the other hand, all parts 
of the stem were found to be able to transport IAA in 
relatively large amounts. There is, therefore, no 
reason to believe that the lower part of the stem is 
unable to transport auxins by this mechanism and, 
hence, the failure to transport 2,4-D through the 
hypocotyl must be due to another cause. 

In this same work (6) it was shown that 2,4-D has 
a detrimental effect on the mechanism for the trans- 
port of IAA in excised sections of bean stems. Stem 
sections taken from plants which had received a foli- 
age application of 2,4-D 24 hours beforehand almost 
completely lacked the ability to translocate auxin. 
A similar effect on the transport mechanism for 2,4-D 
in the intact plant (whether or not it is the same 
mechanism) would account for many of the results 
observed in the present work. 

The cessation of 2,4-D transport in the hypocotyl 
is not easy to explain. Its consequence, namely that 
2,4-D is not conducted in appreciable amounts from 
leaves to roots, is of importance in herbicide work 
particularly with deep-rooted perennials. Numerous 
field observations with a variety of plants have 
pointed in the same direction but the present data are 
believed to constitute the first direct evidence. The 
appearance of isotope in roots when 2,4-D containing 
C14 is supplied may doubtless be ascribed to break- 
down products. 
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SUMMARY 


2,4-D was applied in aqueous solution to a cut flap 
of the primary leaf of Phaseolus seedlings growing in 
water under controlled conditions. Uptake and move- 
ment of 2,4-D were then followed by quantitative bio- 
assay of partially purified ether extracts. 

The transport, which is accompanied by extensive 
breakdown, ceases at about the middle of the hypo- 
cotyl, none entering the roots at any time. Transport 
is proportional to the amount applied up to 75 pgm 
per plant, larger amounts inhibiting the transport out 
of the leaf. The amount of 2,4-D disappearing in 24 
hours, on the other hand, was essentially constant 
when 25 pgm or more was applied per plant. 

The transport was inhibited completely by ringing, 
although analysis showed 2,4-D about equally dis- 
tributed between xylem and cortex. 

Transport did not take place in the dark (the 
plants being kept in the dark beforehand) but could 
be induced by applying sucrose solution to the leaf of 
the darkened plant. Sucrose did not increase the 
transport in the light, nor did it exert its effect at 
4°C. Neither mannitol, arabinose nor urea could 
substitute for sucrose. Application of mannitol to the 
roots also did not facilitate transport downward. 

It is deduced that transport of 2,4-D is not due to 
simple osmotic forces as in the mass flow hypothesis, 
but involves a metabolic component. 
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INDOLEACETIC ACID AND THE UTILIZATION OF RADIOACTIVE 
PYRUVATE AND ACETATE BY WHEAT ROOTS?? 


IRWIN B. PERLIS3 ann JAMES F. NANCE 
DEPARTMENT OF Botany, UNIversity oF ILtrnots, UrBANA, ILLINOIS 


Auxins and antiauxins are known to have rather 
striking effects on the utilization and evolution of 
acetaldehyde by various plant tissues (10). In con- 
centrations that inhibit growth auxins and antiauxins 
cause the evolution of acetaldehyde. At lower con- 
centrations (growth promoting in the case of inucir- 
acetic acid) there is an appreciable enhancement of 
acetaldehyde consumption. The acetaldehyde work 
encouraged further study with C14-labeled pyruvate 
and acetate. Some of this work relating to the con- 
version of acetate-1-C™ to various water soluble con- 
stituents and lipides of wheat roots has been reported 
(11). At a concentration of 2.5 x 10° M, indoleacetic 
acid (IAA) inhibits the absorption of acetate and 
synthesis of non-volatile acids. Accumulation of free 
acetate is markedly enhanced, and synthesis of lip- 
ides is increased by as much as 86 % by IAA. 


In an earlier report, Boroughs and Bonner (1) de-. 


scribe similar experiments with Avena coleoptiles in 
which the effects of IAA on the conversion of ace- 
tate-1-C!* and other labeled compounds to a number 
of plant substances were studied. Of the groups of 
compounds analyzed only the synthesis of noncellu- 
losic polysaccharides is impressively affected (stimu- 
lated by 46.3%) by IAA. An enhancement of lipide 
synthesis by 4 to 10% was observed and effects on 
cell wall materials, excluding noncellulosic polysac- 
charides, range from +13.5% for protopectin to 
-~10.5% of pectate. No data on the effects of IAA 
on absorption of the radioisotope are given. 


1 Received June 19, 1956. . 

2Supported by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee 
on Growth of the National Research Council. 

3 Present address: Research Laboratories, General 
Cigar Company, Lancaster, Pennsylvania. 


MATERIALS AND METHODS 


Roots excised from etiolated wheat seedlings 
(White Federation 38) grown for 4 days in distilled 
water were used in the experiments described here. 
After excision, the roots were washed, dried by cen- 
trifugation and weighed. 

Pyruvie acid used in the first experiment of this 
study was prepared by hydrolysis of pyruvamide-2- 
C!* purchased from Tracerlab, Inc. The amide, hav- 
ing a specific activity of 0.5 me/mM, was refluxed in 
a tube for 5 hours with 1.7 ml of 0.4N KOH. This 
solution was acidified and extracted with ether. Pure 
pyruvic acid was added to the radioactive acid in the 
ether and the potassium salt then prepared by addi- 
tion of K,COs. The salt was precipitated by the ad- 
dition of dioxane and separated from the solvent by 
centrifugation. Following complete removal of the 
solvent, the potassium pyruvate was dissolved in 
water and used in the experiment. In view of the 
large losses of radioactivity involved in the purifica- 
tion of the pyruvate we decided to use radioactive 
acetate in subsequent work. Acetic acid-1-C!* hav- 
ing a specific activity of 3.72 mc/mM after repurifi- 
cation by vacuum distillation was obtained from Pro- 
fessor R. F. Nystrom of this University. 

For the pyruvate experiment two sets of wheat 
roots each weighing 22 gm were incubated at 25° C 
for 6 hours in 250 ml of potassium pyruvate (8x 
10+ M) adjusted to pH 5.0 with H.SO, and having 
initially 13.4 we of radioactivity. Indoleacetie acid at 
1 x 104 M was present in the mixture supplied to the 
auxin-treated roots. During the experiment a stream 
of COs,-free air passed through the closed vessels 
containing the roots. The air stream in each case 
then passed through a U tube held at - 80°C (by a 
solid COs-methy! cellosolve mixture) to retain vola- 
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tile materials and finally through 2 gas-washing bot- 
tles: the first containing 0.1N NaOH; the second 
containing 0.05 N Ba(OH),. to trap COs. 

At the end of the experimental period the roots 
were washed and frozen. External solutions, wash- 
ings from the roots and from the - 80° C trap were 
combined. These solutions and aliquots of the origi- 
nal solutions were analyzed for pyruvate (18) for a 
measure of pyruvate uptake. Sap was expressed 
from the frozen roots by an hydraulic press. Soluble 
substances remaining in the press cakes were ex- 
tracted by the addition of water followed by reappli- 
cation of pressure. Six washings with water brought 
the volume of the press sap to about 100 ml. The 
press cakes were dried at 60°C. 

Combined sap and washings from each sample 
were passed successively through a cation exchanger 
(Amberlite 100-H) and an anion exchanger (Amber- 
lite 1R4-B). A mixture containing 10 ml of N 
NH,OH, 3 ml of N NaOH and 37 ml of H,O was 
used to elute the anion column. The column was 
washed with about 100 ml of water and the com- 
bined washings and eluate were dried on a steam 
bath. Separation of the acids in the eluate was ef- 
fected on silica gel by the method of Bulen et al (2). 
Malice acid isolated from each sample was diluted 
with an equal amount of non-radioactive malic acid 
and the diphenacyl esters prepared by a method de- 
scribed by Shriner and Fuson (16). Samples of the 
malice esters were assayed for radioactivity by a dry 
combustion technique in which the sample is burned 
to CO, in a micro-Pregl combustion apparatus, the 
CO, enters a high vacuum line where it is held in a 
- 180° C trap while other gases are removed, the vol- 
ume of the CO, is then measured manometrically and 
finally the CO, is transferred to an evacuated ioniza- 
tion chamber for measurement of radioactivity. Ac- 
tivity in the chamber is measured on a vibrating reed 
electrometer (14). The carbon content of the sam- 
ple serves as proof of its identity. 

The deionized sap was treated by the method of 
Noggle and Balomey (13) for the quantitative re- 
covery of free sugars. Glucosazones were prepared 
from the sugars by a method outlined in Shriner and 
Fuson (16). They were assayed for radioactivity by 
the dry combustion technique. 

Carbon dioxide in the alkali traps was converted 
to BaCO, by the method of Calvin et al (4). Sam- 
ples of the BaCOg were treated with perchloric acid 
on the vacuum line, and the COs, after its volume 
had been determined, was transferred to the ioniza- 
tion chamber for assay. 

The dried press-cakes, weighing 944.2 mg and 
1109.3 mg from the control and IAA-treated samples 
respectively, were each triturated with 15 ml of 
17.5% NaOH. After 48 hours in the alkaline solu- 
tion the remaining solid material was separated from 
the dissolved materials on tared, sintered glass filters. 
The solids were washed with water until they were 
free of alkali, then dried and weighed. Residual ma- 
terial on the filters consisting primarily of a-cellulose 
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amounted to 424.6 mg for the control and 443.7 ing 
for the IAA-treated tissues respectively. Each of 
these samples was covered with 4 ml of 72% H,SO,, 
and allowed to stand 6 days. Then the digests were 
filtered and the residue washed thoroughly with 
water. With an allowance for the undissolved ma- 
terial in the filters it can be calculated that the sul- 
furie acid solutions contained 396.6 mg and 435.0 mg 
of glucose in the control and auxin-treated samples 
respectively. Aliquots of the sulfuric acid solutions 
were assayed for radioactivity by a wet oxidation 
procedure (12). In this method the organic material 
is oxidized by chromic acid (19), and the gaseous 
products are carried to an evacuated ionization 
chamber by a stream of CO,. As in the other tech- 
nique, activity in the chamber is measured on a vi- 
brating reed electrometer. 

Cell wall materials in the alkaline extracts (chiefly 
pectic substances, polyuronide hemicelluloses, and 
non-cellulosic polysaccharides), determined by differ- 
ence, amounted to 519.8 mg for the control and 604.6 
mg for the auxin-treated samples. Aliquots of the 
alkaline solutions were assayed for activity by the 
wet oxidation procedure. 

For the 4-hour acetate experiment 27 gm of roots 
were incubated at 25°C in 100 ml of 15x104 M 
acetate solution adjusted to pH 4.7 with KOH and 
having 372 ye of activity. Indoleacetic acid at 1x 
10M was present in the mixture supplied to the 
auxin-treated roots. As in the pyruvate experiment 
the roots were aerated with CO,-free air and the 
- 80° C trap and the alkali traps were included. 

At the end of the experiment the roots were re- 
moved from the external solutions and washed thor- 
oughly. External solutions, washings from the roots 
and the cold traps were combined and assayed for 
activity along with aliquots of the original solutions 
to obtain a measure of C!4 taken up. All assays for 
radioactivity in this experiment were by the wet oxi- 
dation procedure. The roots were frozen, then 
blended two successive times in ice water. These 
suspensions were filtered through sintered glass and 
washed with ice water. The aqueous extracts of the 
tissues were assayed for total activity. 

The insoluble materials were fractionated for var- 
ious cell wall constituents. Removal of the pectic 
substances was effected by our extracting the solids 
4 times with 0.05 N HCl at 80°C in a Wye-Phillips 
extractor (8). After the cell wall material was 
washed an additional time with water the combined 
extracts and washings were adjusted to pH 7.0, the 
volumes reduced to 50 ml and aliquots taken for 
assay. 

Solids remaining from the acid extraction were 
homogenized in water and aliquots taken for C4 
analysis. This fraction is designated “holocellulose 
minus pectic substances.” The bulk of this material 
was dried then triturated with 4% NaOH solution 
and left in contact with the alkali for 48 hours. Dis- 
solved materials were filtered off the solid residue 
and latter washed. Aliquots of the 4% NaOH-ex- 
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tract, hemicelluloses by definition, were assayed for 
activity. 

The solid residues were dried again and extracted 
with 17.5% NaOH for 48 hours. Soluble materials, 
non-cellulosie polysaccharides, were separated from 
the solid material by filtration on sintered glass. Ali- 
quots of the alkaline extracts were assayed. Undis- 
solved material, largely a-cellulose, was suspended in 
water and aliquots analyzed for radioactivity. Ali- 
quots of the solutions in the CO, traps were also 
analyzed for aetivity. 

For the 2-hour acetate experiment, 19 gm of 
wheat roots were incubated at 21.4°C in 100 ml of 
6x 104¢M acetate solution adjusted to pH 4.7 with 
KOH and having activities of 237.65 ye in the con- 
trol and 224.42 ye in the auxin treatment. The lat- 
ter included IAA at 2.5x 10M. As in the previous 
experiments, the roots were aerated, and traps for 
volatile materials and CO, were included. Fraction- 
ation of the plant material followed the procedures 
used in the previous acetate experiment. 


RESULTS 


Absorption of the labeled pyruvate and acetate is 
significantly inhibited by IAA. When the relative 
incorporation of activity into various cellular con- 
stituents by the auxin-treated and control tissues is 
calculated on the basis of equal absorption of the 
isotope it becomes apparent that the distribution of 
radioactivity. within the tissues is also influenced by 
IAA. 

IAA inhibits synthesis of malic acid and the solu- 
ble sugars from pyruvate (table I). The aqueous 
extract from the auxin-treated roots in the 4-hour 
acetate experiment has a greater activity than the 
extract from the control roots (table II). This prob- 
ably reflects an effect reported earlier (11), the ac- 
cumulation of free acetic acid in roots supplied with 
IAA and radioactive acetate. 

Of the cell wall materials the synthesis of poly- 
uronide hemicelluloses appears to be most profoundly 
restricted by IAA (tables II and III). Unfortu- 
nately, separate analyses for pectic materials, hemi- 
celluloses and non-cellulosic polysaccharides were not 


TABLE 


Errects or IAA ON THE UTILIZATION oF PyruvaTe-2-C“ 
By WuHeat Roots 


TAA/con- 


Controt IAA TROL % * 


Pyruvate absorbed, mg 

Malic acid, ue/millimole 
Soluble sugars, uc/millimole 
a-Cellulose, uc/mg 

Other cell wall materials, we/mg 
Respiratory CO:, uc/millimole 


Twenty-five gm of roots were incubated at 25° C for 
6 hrs in 250 ml] of 8x 10*M pyruvate solution adjusted 
to pH 5.0 with KOH and having initially 13.2 uc of 
activity. The IAA concentration was 1 x 10~* M. 

* Calculated on the basis of equal uptake of pyruvate. 
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TABLE II 


Errects or IAA oN THE UTILIZATION oF ACETATE-1-C™“ 
BY Wueat Roots 1n 4 Hrs 


ToraL 
ACTIVITY, 


Controt JAA 


IAA/con- 


C™ absorbed 

Aqueous extract 

Pectic substances 

Hollocellulose minus pectic subst. 
Polyuronide hemicelluloses 
Non-cellulosic polysaccharides 
a-Cellulose 

Respiratory 


Roots weighing 27 gm were incubated at 25°C for 
4 hrs in 100 ml of 1.5x10* M acetate solution adjusted 
to pH 4.7 with KOH and having 372 ue of activity in 
each treatment. The IAA concentration was 1x 10* M. 
* Calculated on the basis of equal uptake of C™. 


made in the pyruvate experiments. These constitu- 
ents undoubtedly make up the bulk of the material 
dissolved in the 17.5 % NaOH extract of the cell wall 
substances of the pyruvate experiment. Synthesis of 
these groups of compounds taken together is appre- 
ciably reduced by IAA (table I). 

Total activity of the pectic substances exceeds 
that of any other group of cell wall materials. A sig- 
nificant inhibition is produced by IAA at 1x 104M 
in the 4-hour experiment but in the shorter time 
period the effect is not impressive. Little activity is 
incorporated into the non-cellulosic polysaccharides. 
Synthesis of these groups of substances is appreciably 
reduced by IAA (table I). 

It is interesting to find that the synthesis of one 
cell wall constituent, a-cellulose, is consistently stimu- 
lated by IAA (tables I, II, and III). Results of the 
2-hour experiment pertaining to activities in the non- 
volatile acids and acetic acid can be found in the 


Tasie III 


Errects or IAA oN THE UTILIZATION oF AcETATE-1-C™ 
BY Wueat Roots 1n 2 Hrs 


ToraL 
ACTIVITY IN IAA/cON- 


TROL %o * 
Controt JAA 


214.40 
121.00 
11.91 
2.89 


absorbed 

Aqueous extract 

Pectic substances 

Hollocellulose minus pectic subst. 
Polyuronide hemicelluloses 
Non-cellulosic polysaccharides 
a-Cellulose 

Respiratory CO. 


Roots weighing 19 gm were incubated at 25°C for 
2 hrs in 100 ml of 1x10*M acetate solution adjusted 
to pH 4.7 with KOH and having 237.65 uc in the control 
and 224.42 uc in the auxin-treatment. The IAA concen- 
tration was 2.5 x 10° M. 

* Calculated on the basis of equal uptake of C™. 
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earlier publication (11). Previously published data 
on absorption of acetate, and activities in the aque- 
ous extract and acetic acid are included in table III 
for convenience. 


Discussion 


It appears that two categories of auxin effects can 
be distinguished in these experiments and the ones 
reported earlier (11). One group of responses to 
IAA clearly related to processes directly concerned 
with acetate metabolism includes inhibited uptake of 
acetate and pyruvate, inhibited syntheses of malic and 
other non-volatile acids, accumulation of free acetic 
acid, and enhanced synthesis of lipids. To the other 
group of auxin effects, none of which appears to be 
directly concerned with acetate metabolism, one can 
assign inhibited syntheses of polyuronide hemicellu- 
loses, pectic substances and free sugars, and enhanced 
formation of a-cellulose. In the pyruvate experi- 
ment and in an acetate experiment of 30 minutes 
duration (11), IAA inhibited formation of CO, to 
about the same degree that it inhibited incorporation 
of activity in the organic acids. In the 2-hr and 4-hr 
experiments no significant effect on the production of 
C40, is observed. Formation of C140, is appar- 
ently not solely affected by the incorporation of ac- 
tivity into acids of the Krebs cycle. 

It may be argued that the significance of these 
experiments is limited because the treatment with 
IAA is an inhibitory one. Studies involving the pro- 
motion of growth by antiauxins for example may 
prove more interesting. It is true, however, that 
these experiments permit a comparison of the ac- 
tivities of growing roots (the controls) with non- 
growing roots (the IAA-treated tissues). It seems 
significant that synthesis of material characteristic of 
the relatively plastic primary cell wall, polyuronide 
hemicelluloses and pectic substances, is greater in the 
growing roots. In the non-growing roots greater syn- 
thesis of a material characteristic of the rigid, sec- 
ondary cell wall, a-cellulose, occurs. Some of this 
new cellulose is probably in the primary cell wall and 
may not necessarily add to the rigidity of the cell 
wall. Kerr (7) is of the opinion that the cellulose 
fibers of the primary cell wall are disconnected and 
dispersed in a continuous matrix of pectic substances. 
If the primary cell wall of wheat roots is put to- 
gether in this fashion one would expect additional 
synthesis of cellulose at this site might have little or 
no effect on wall plasticity. In view of the evidence 
in Burstrém’s work (3) indicating that growth in 
wheat roots involves an increase in the plasticity of 
the cell wall, it seems reasonable to assume that in- 
hibition of growth is associated with an increase in 
wall rigidity which is due in part at least to the 
deposition of a-cellulose. 

It is possible that the changes in cell wall com- 
position are a consequence of an auxin effect involv- 
ing acetate or enzymes and coenzymes concerned 
with acetate. There is no direct proof of such a re- 
lationship in these experiments but evidence pre- 


sented by Siegel and Galston (17) for the cleavage 
of an indoleacetie acid—protein complex by coenzyme 
A adds to the attractiveness of the idea. Fawcett 
et al (5) have demonstrated £ oxidation of the fatty 
acid side chains of various phenoxy acid derivatives. 
This oxidation may involve formation of a coenzyme 
A derivative of the auxin. This possibility must be 
considered highly speculative, however, in view of the 
studies of Humphreys et al (6) on the oxidation of 
palmitic acid by a preparation from peanuts which 
does not require coenzyme A. Price and Leopold 
(15) have recently reported their failure to repeat 
earlier work by Leopold and Guernsey (9) involving 
various auxins and coenzyme A. 


SUMMARY 


Absorption of C!4-labeled pyruvate and acetate 
by wheat roots is inhibited by concentrations of [AA 
that inhibit root growth. When allowance is made 
for the effect on uptake of the radioactive material, 
it is apparent that the distribution of activity within 
the tissue is also appreciably altered by IAA. Incor- 
poration of activity from pyruvate-2-C!* into malic 
acid, soluble sugars, cell wall materials soluble in 
17.5% NaOH, and CO, is inhibited by IAA. Syn- 
thesis of a-cellulose is enhanced by the auxin. For- 
mation of pectic substances and polyuronide hemi- 
celluloses from acetate-1-C14 is inhibited while syn- 
thesis of a-cellulose is stimulated by IAA at the two 
concentrations employed (1x 10+ and 2.5x10°M). 
With the higher concentration of IAA, incorporation 
of activity into non-cellulosic polysaccharides and CO, 
is restricted. 


We gratefully acknowledge the generous assist- 
ance of Dr. Robert F. Nystrom and Dr. George Wolf 
of the Radiocarbon Laboratory, University of Illinois. 
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THE CAPACITY OF LEAVES OF BRYOPHYLLUM CALYCINUM 
TO RECOVER FROM PROLONGED EXPOSURE TO 
DARKNESS OR TO LIGHT? 


HUBERT BRADFORD VICKERY 


DEPARTMENT OF BIOCHEMISTRY, THE CONNECTICUT AGRICULTURAL EXPERIMENT STATION, 
New Haven, ConnectTICcUT 


Emphasis was placed in a recent paper (1) on the 
observation that the normal diurnal rhythm of the 
changes in the starch and organic acid content of 
leaves of Bryophyllum calycinum appears to be closely 
adapted to the average length of a day or night. If 
the period of darkness or of light is artificially pro- 
longed, the changes in composition, which had been 
initiated at their usual speed, come more or less to a 
standstill after the elapse of about 12 hours. The 
effects of reactions other than those that are ex- 
pressed by the major changes in composition can then 
in certain instances be perceived. Such reactions may 
not be abnormal, but in the usual course of events 
their effects are concealed by the larger and more 
rapid changes of composition, and, if they are allowed 
to proceed for an unusual length of time, there is a 
possibility that some degree of damage to the system 
may occur. It was, accordingly, of interest to expose 
Bryophyllum leaves to a prolonged period of darkness 
or of light, and to examine the extent to which the 
normal variations in composition are resumed after 
transfer to the other condition of illumination. 

In discussing the results, it will be convenient to 
employ the concept of physiological stress. Disre- 
garding the fact that excision of a Bryophyllum leaf 
from the plant immediately places it under certain 
not clearly defined but real ‘stresses, the effects of 
which eventually become evident from the formation 
of rootlets at the margins of the leaf, observation 
shows that such leaves, if picked at sunrise and placed 


1 Received July 10, 1956. 


in light, behave in the normal fashion, for malic acid 
diminishes and starch is formed. Furthermore, it 
has been demonstrated that excised leaves, when ex- 
posed to the usual diurnal alternation of light and 
dark in a greenhouse, undergo profound changes in 
composition in response to this alternation for at least 
3 days (2). Excision from the plant thus by itself 
places no serious restriction upon the speed or ampli- 
tude of the normal chemical changes. 

However, if leaves are exposed to artificially main- 
tained illumination for many hours, increasing evi- 
dences of abnormality become apparent (3). They 
become flaccid, and, after the main chemical changes 
have been completed, irregular although small oscil- 
lations of both starch and organic acid content occur. 
In the converse case, when leaves are picked at night- 
fall and placed in darkness at ordinary temperatures, 
starch diminishes in amount and malic acid is formed 
for about 12 hours; subsequently the starch remains 
approximately constant while malic acid slowly de- 
creases. Accordingly, under either condition, the 
leaves may be assumed gradually to have passed into 
a stage characterized by an increasing degree of 
physiological stress. 

In the present experiments, individual samples of 
leaves have been removed from such presumably 
stressed conditions and have been either illuminated 
or placed in darkness, as the case may be, for 11 to 
14 hours to see to what extent recovery could occur. 
The main criteria employed were the capacity to re- 
sume the normal changes in composition with respect 
to starch and organic acids. 
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EXPERIMENTAL PROCEDURE 


The ten samples used for the culture experiment 
in darkness were collected by the statistical method 
(4) in the early evening of June 20, 1955, a hot, 
humid and sunny day. The plants had been grown in 
soil in crocks in the greenhouse, and the top three 
pairs of fully developed but still young five-leaflet 
leaves were used. The leaf-culture troughs were set 
up in a room maintained at 24°C and 50% relative 
humidity, and the room was kept in complete dark- 
ness after the leaflets had been arranged with their 
bases in water, 8:00 P.M. being taken as the zero 
hour of the experiment. After the expiration of 36, 
60 and 84 hours (i.e., at 8:00 A.M. on three successive 
days), an individual sample was transferred to the 
greenhouse and placed in a trough exposed to full 
daylight for 11 hours. The sample was then dried for 
analysis. Meanwhile, samples had been taken from 
the troughs in the dark room at intervals chosen so 
as to afford maximal information regarding the rates 
of the reactions which affect the main components of 
the leaves. The precise times at which samples were 
so withdrawn are indicated in the figures. 

The ten samples used for the culture experiment 
in light were collected in the same way, starting at 
5:00 A.M. July 21, 1953 (sunrise 5:36 A.M. daylight 
saving time), also from plants grown in soil in the 
greenhouse. The culture troughs were arranged in an 
insulated room under a bank of fluorescent lights 
which gave a light intensity of approximately 1100 
ft-e at the surfaces of the leaves. The temperature 
varied between 20 and 22°C and the humidity be- 
tween 58 and 66 % with the operation of the control 
equipment which automatically came into play at 
intervals of from 1 to 2 hours. Zero hour was taken 
at 6:00 A.M. when the initial control sample was 
placed in the drying oven. After the expiration of 
27, 50 and 74 hours, individual samples were trans- 
ferred to troughs in the dark room where they were 
held, respectively, for 11, 12 and 14 hours at 24°C 
and 50% relative humidity. Samples were also re- 
moved from the culture troughs in light and dried for 
analysis at times indicated in the figures. Fuller de- 
tails of the technique and of the treatment of the 


samples in preparation for chemical analysis have 
been given in previous papers (1, 5). The analytical 
methods are described in recent bulletins from this 
station (6, 7). 


EXPERIMENTAL RESULTS 


Table I shows the evidence for the uniformity of 
composition within each set of samples. The fresh 
weights of the individual samples had a coefficient of 
variation of 1.2 % in one set and 1.15 % in the other, 
and the nitrogen and ash contents of both sets were 
satisfactorily constant. Alkalinity of ash was deter- 
mined in only a few of the samples of the set cul- 
tured in darkness, and only the average value is given 
since the variability of this quantity in other sets of 
samples has always been found to be less than that of 
the total nitrogen. The coefficient of variation of the 
protein nitrogen in both sets of samples was notably 
higher than that of the components which would be 
assumed to remain constant, and plots of the data 
indicated that a slow but continuous loss occurred. 
The significance of this observation will be enlarged 
upon later. 

The main analytical results are plotted in figures 
1 and 2. The solid lines show the changes in compo- 
sition in continuous darkness at the left, and in con- 
tinuous light at the right of the figures. The curves 
which represent the changes in the amounts of each 
component are placed side by side, and the data con- 
firm in remarkably close detail the results of previous 
studies of this species (3, 5). 

The effect of the transfer of samples from dark- 
ness to light or from light to darkness at successive 
intervals during the course of the experiment is shown 
by the broken lines, and it is obvious that with few 
exceptions the change in composition took place in 
the direction which would be predicted from earlier 
results. Whether or not the changes actually followed 
straight line functions, as they are represented to have 
done, must be left for subsequent study. The mean 
rates of the reactions which occurred are indicated 
by the slopes of these broken lines, and close exami- 
nation shows that these slopes changed progressively 
with time. Accordingly, the rates at which the sev- 


TABLE 


ANALYTICAL Data oN Two Sets or TEN SAMPLES EaAcH or LEAFLETS OF BRYOPHYLLUM CALYCINUM 
COLLECTED BY THE STATISTICAL METHOD 


CULTURED IN LIGHT 
WITH TRANSFER TO DARKNESS 


CULTURED IN DARKNESS 
WITH TRANSFER TO LIGHT 


ANALYTICAL 
(SAMPLES 1953-B) (SAMPLES 1955-C) 
Mean + S.D* C.V.,%* MEaAn + S.D* C.V.,%* 
Initial fresh wt., gm/sample 3116 +3.86 12 176.2 + 2.03 1.15 
Total N, gm ** 1.95 + 0.033 17 2.51 + 0.031 13 
Protein N, gm ** 1.51 + 0.040 26 1.93 + 0.050 28 
Ash, gm ** 11.86 + 0.12 


Alkalinity of ash, meq ** 286.2 +1.7 


1.02 9.78 + 0.15 16 
06 245.3 


*S.D., standard deviation; C.V., coefficient of variation as percentage. 
** Data expressed in terms of 1 kilo of initial fresh wt. 
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Fic. 1. Changes in organic solids, starch and in fresh 
weight of leaves of Bryophyllum calycinum cultured in 
water. The solid lines show at the left the effect of cul- 
ture in darkness (samp!es 1955-C), those at the right the 
effect of culture in light (samples 1953-B). The broken 
lines show the effect of transfer of samples from culture 
in darkness to light at the left, and of transfer from 
light to darkness at the right. 


eral reactions occurred after transfer are dependent 
upon the time that had elapsed before the transfer 
was made. 

Before considering this aspect of the data, it is 
necessary to draw attention to certain details. The 
curve for organic solids in figure 1 shows that a small 
increase occurred during the first 12 hours in dark- 
ness as would be expected from previous work (1, 5), 
but that this was followed by continuous loss. Trans- 
fer to light, however, gave rise to no marked increase 
in organic solids; during 11 hours, the sample trans- 
ferred at the 36-hour point maintained its weight, 
that at 60 hours lost 1.5 gm per kilo, and that at 84 
hours gained only 0.25 gm per kilo. Nevertheless, 
these 3 samples increased in starch content by 6.5, 4.9 
and 4.0 gm per kilo in the 11 hours each of them was 
exposed to light. Photosynthesis (i.e., net fixation of 
carbon dioxide) is thus entirely inadequate to account 
for the formation of the starch. On the other hand, 
the samples cultured in light increased continuously in 
organic solids as would be expected. Transfer to 
darkness brought about losses of organic solids within 
the next 11 to 14 hours of 0.9, 1.3 and 1.7 gm after, 
respectively, 27, 50 and 74 hours of culture in light. 
It would seem that, under the conditions of stress 
occasioned by long exposure to light, the capacity of 
the leaves to continue to accumulate organic solids for 
a short time in darkness is seriously interfered with, 
although more detailed examination will be ees 
to discover whether or not it is eliminated. 

Attention should also be directed to the changes 
in fresh weight in figure 1. The leaves placed in 


darkness quickly took up about 2% of water and 
became unusually turgid; even the sample held in 
darkness for 108 hours was still crisp although the 
weight had dropped almost to its original value and 
evidence of the initiation of rootlets at the margins of 
the leaves was noted. The samples transferred to 
light, however, soon lost their turgidity and were defi- 
nitely limp at the end of the period of exposure. 

The samples cultured in light increased slightly in 
fresh weight for the first 14 hours, but subsequently 
lost weight continuously and became markedly flaceid; 
nevertheless, on transfer to darkness, they retained a 
moderate capacity to take up water again although 
only the sample exposed to light for 27 hours recov- 
ered all of its initial fresh weight. 

The behavior of the starch is also shown in figure 
1. The two curves are obviously symmetrical with 
each other in general pattern, and it is unfortunate 
that the samples were not removed at precisely the 
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Fic. 2. Changes in pH and organic acids in leaves 
of Bryophyllum calycinum cultured in water. The solid 
lines show at the left the effect of culture in darkness 
(samples 1955-C), those at the right the effect of cu:ture 
in light (samples 1953-B). The broken lines show the 
effect of transfer of samples from culture in darkness to 
light at the left, and of transfer from light to darkness 
at the right. The total organic acids of the sample col- 
lected at 0 hours in the set exposed to light was 572 meq 
per kilo of initial fresh weight, the isocitric acid content 
of the same sample was 207 meq. 
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same time intervals so that a calculation of the coeffi- 
cient of correlation would be justified. The symmetry 
suggests, however, that the behavior of the two sets of 
samples was reasonably comparable even though the 
leaves were subjected to experiment two years apart 
in point of time. 

Data on the rates at which starch disappears in 
darkness or is synthesized in light in a number of 
experiments with Bryophyllum leaves are assembled 
in table II. The sets of samples labeled 1955-C and 
1953-B are those for which the full information is 
shown in figures 1 and 2; more complete data for 
1952-A, 1951-C and 1951-B are to be found in refer- 
ences (1, 5, 3), but the data for 1953-A have not 
been published. The rate of change of starch is ex- 
pressed in millimoles per hour per kilo of initial fresh 
weight (CgH, 0; is taken as 1 mole), and the data 
give the mean rates during the total indicated periods 
of exposure. Thus the leaves of set 1955-C in the 
unstressed condition, that is, immediately after collec- 
tion in the evening, lost starch at the mean rate of 
3.2 millimoles per hour during the first 12 hours and 
at 3.7 millimoles per hour during the first 18 hours in 
darkness. It will be noted that the curve in figure 1 
slopes downward a little more steeply in the interval 
between 12 and 18 hours, and thus the mean rate for 
the whole 18-hour period is slightly increased. Con- 
sideration of the figures in column 4 of table II shows 
that the rate at which starch disappears from Bry- 
ophyllum leaves in darkness, provided that they are 
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unstressed or have been stressed for not more than 27 
hours of exposure to light, is moderately constant. 
The figures range from -—3.2 to —5.8 millimoles per 
hour. Within these limits, therefore, different sets of 
samples of leaves from the clone grown in this labor:- 
tory are comparable with each other. 

The rates at which starch is synthesized in Bry- 
ophyllum leaves collected at sunrise and placed in 
light are shown in the last column of table II. The 
range observed for the different sets of unstressed 
samples is from +5.6 to +12 millimoles per hour for 
periods of from 10 to 18 hours. Samples 1952-A ap- 
pear to have been unusually vigorous in this respect. 
The rates observed in samples that had been stressed 
by exposure to darkness for 24 or more hours are, 
however, all smaller and suggest that such exposure 
interferes to a greater or less extent with the subse- 
quent capacity of the starch-synthesizing mechanism. 

The behavior of the organic acids of samples 
1955-C and 1953-B is shown in figure 2, and it is obvi- 
ous that the transformations which led to the forma- 
tion or loss of malice and citric acids played the largest 
part in the observed changes in pH and in total or- 
ganic acids. The behavior of malic acid during pro- 
longed culture of the leaves in darkness is complex 
since two main effects are superposed; there was a 
rapid synthesis during the first 18 hours, but malic 
acid subsequently diminished at a rate such that, 
after 108 hours in darkness, the level had dropped 
almost to that in the freshly picked leaves. 


TaBLe II 


Rate oF CHANGE OF THE STARCH CONTENT OF LEAVES OF BRYOPHYLLUM CALYCINUM 
DURING EXPOSURE TO DARKNESS OR TO LIGHT 


Tora. 
EXPOSURE 
TO DARKNESS 


CONDITION BEFORE 


SaMPies TREATMENT 


Rate 


ToraL 
EXPOSURE 
TO LIGHT 


CONDITION BEFORE 


TREATMENT Rate 


milli- 
moles/hr * 
Unstressed ** -32 
-3.7 
-55 
-2.5 


-5.1 
-53 


Stressed in light 27 hrs 
“ “ “ 50 “ 
“ “ “ 74 “ 


24 hrs 


Stressed in light 
“ “ “ 94 & 


-4.1 
-54 


Stressed in light 24 hrs 
“ “ “ 24 “ 


“ “ “ 


Unstressed 


24 “ 


milli- 
moles/hr * 
Stressed in darkness** 36 hrs 
‘ “ “ 


“ 


84 “ 


“ “ “ 


Unstressed 


Unstressed 
“ 


Stressed in darkness 24 hrs 
“ “ “ 24 “ 


Unstressed 
“ 


Unstressed 
“ 


“ 


* Data expressed in terms of 1 kilo of initial fresh wt. 


** “Unstressed” leaves had been cultured in darkness or in light for the indicated period after being picked. 
“Stressed” leaves were cultured in light or in darkness for the indicated period and were then transferred to the 
other situation for the periods indicated under “Total exposure.” The change in composition took place during 
this subsequent exposure at the rate shown. 


| | 
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TaB_e III 


Rate oF CHANGE OF Matic Actp ConTENT oF LEAVES OF BRYOPHYLLUM CALYCINUM 
DURING EXPOSURE TO DARKNESS oR TO LIGHT 


EXPOSURE 
TO DARKNESS 


CONDITION BEFORE 


TREATMENT Rate 


SAMPLES 


Tora. 
EXPOSURE 
TO LIGHT 


CONDITION BEFORE 


TREATMENT Rate 


milli- 


hrs moles/hr * 


1955-C Unstressed ** 12 


1953-B Stressed in light 27 hrs 

“ “ “ 50 “ 
74 “ 
24 hrs 


24 


“ “ “ 
1952-A Stressed in light 


1951-C 
1951-B 


milli- 


moles/hr * 


- 36 
- 22 
- 16 


- 65 


Stressed in darkness ** 36 hrs 
“ “ 60 “ 


“ “ “ 


84 “ 
Unstressed 

-11.0 
- 99 
- 71 


Unstressed 
“ 


“ 


* Data expressed in terms of 1 kilo of initial fresh wt. 
** See footnote to table IT. 


Notwithstanding the continuous loss of malic acid 
which began after 18 hours in darkness, the samples 
when later transferred to light lost malic acid at a 
greatly accelerated rate so that, after 11 hours in 
light, the quantity had decreased considerably below 
that present when the leaves were picked. In these 
samples, indeed, malic acid had become almost a 
minor acid component. 

The leaves exposed to continuous light lost malic 
acid rapidly for 14 hours and slowly thereafter al- 
though in no ease did the level to which it diminished 
drop as low as that seen in the transferred leaves of 
the parallel experiment. The irregular fluctuations 
which occurred after 24 hours are almost certainly 
greater than the experimental error, and may reflect 
minor irregularities in the conditions (e.g., tempera- 
ture) in the culture room. The outstanding result is, 
however, that after transfer to darkness, the enzyme 
systems of these leaves were unable to synthesize 
malice acid in sufficient amounts to restore even one- 
half of the quantity present when the leaves were 
picked. Different lots of Bryophyllum leaves may be 
expected to contain between 200 and 300 meq of 
malic acid per kilo of fresh weight when collected at 
daybreak, so that the present samples, which con- 
tained 247 meq per kilo, were of about average com- 
position. Inasmuch as the malice acid content of 
leaves that have been excised at daybreak and ex- 
posed to the normal diurnal variation in illumination 
is restored nearly to its initial level during the subse- 
quent night period (8), it is clear that exposure to an 
artificially prolonged period of illumination adversely 
affects the mechanisms concerned in the synthesis of 
malie acid during a subsequent period of darkness. 

In table III are callected data on the rates at 
which malic acid is synthesized in darkness or at 


which it disappears in light in a number of sets of 
samples of Bryophyllum leaves. In normal leaves 
picked at nightfall (i.e., unstressed and held in dark- 
ness), the rates of synthesis range from 3 to 5 milli- 
moles per hour per kilo, and the unusually vigorous 
set marked 1952-A, which had contained 299 meq of 
malice acid at daybreak, increased in malice acid con- 
tent at the rate of 8 millimoles per hour even after 
the leaves had been exposed to light for 24 hours. 
Nevertheless, stress brought about by long exposure 
to light (samples 1953-B) diminishes the rate at which 
malic acid is synthesized after transfer of leaves to 
darkness, and the effect is more pronounced the longer 
the period of stress. 

On the other hand, leaves picked at daybreak 
(unstressed and exposed to light) lose malice acid at 
the rate of from about 6 to 11 millimoles per hour. 
The effect of the stress occasioned by long exposure 
to darkness is clearly evident in the much diminished 
rates at which malic acid disappeared in a subsequent 
light period, as is shown by the successively lower 
rates of loss of malic acid in the stressed leaves of 
samples 1955-C. However, inasmuch as the level of 
malic acid in these samples had diminished materially 
during prolonged culture in darkness (fig 2), the lower 
rates of loss after transfer to light do not necessarily 
imply impairment of the metabolic system concerned. 

The response of citric acid to change of the con- 
ditions of illumination of Bryophyllum leaves as a 
rule is less spectacular than is that of malic acid. In 
general, however, the responses are parallel and, al- 
though they may be of smaller absolute magnitude in 
terms of the number of milliequivalents of citric acid 
formed or decomposed, the changes are often substan- 
tial in terms of relative amounts. The curve for citric 
acid at the left of figure 2 illustrates this point un- 
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usually well. The citric acid in the leaves cultured in 
darkness increased 6-fold from 13 meq per kilo in the 
leaves picked in the afternoon to 76 meq after 18 
hours in darkness. Malic acid increased nearly 7-fold 
in the same time. When the leaves were transferred 
to light after 36 hours in darkness, citric acid dropped 
from 87 meq per kilo to 25 meq in 11 hours, or to less 
than one-third of the largest quantity present. The 
changes that occurred are closely correlated with the 
changes in starch. The coefficient of correlation be- 
tween the data for citric acid and for starch in this 
set of samples was -—0.956 (r=0.872 for P=0.001 
with 8 degrees of freedom) which is highly significant. 
The close correlation between the data for malic acid 
and for starch, which is so striking in experiments on 
normal diurnal variation (8), is masked in the present 
instance because of the slow and continuous loss of 
malic acid which supervened after the leaves had been 
in darkness for 18 hours. 

The leaves exposed to continuous light, the data 
for which are plotted at the right of figure 2, show the 
converse of these last relationships. The data for 
malic acid and for starch are closely related, the coeffi- 
cient of correlation being — 0.921 which is highly sig- 
_ nificant at the 0.1 % level, whereas the data for citric 
acid and starch, on the other hand, have a coefficient 
of correlation of only - 0.499 which is not significant 
even at the 10% level (r=0.549 for P=0.1 with 8 
degrees of freedom). However, the relationship of the 
behavior of citric acid to that of starch in this in- 
stance is confused by an uncertainty regarding experi- 
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mental conditions to be discussed in a subsequent 
paragraph. 

In previous papers of this series on the metabolisin 
of the organic acids in Bryophyllum leaves, the be- 
havior of citric acid has received only passing atten- 
tion since the chief concern has been with the malic 
acid and starch. Sufficient data are now at hand to 
warrant discussion of the somewhat discordant results 
that have been obtained. In table IV are data from 
7 separate experiments in which the behavior of citric 
acid has been examined in samples collected by the 
statistical method and subjected to culture in water 
under various conditions. 

When leaves are sampled in the late afternoon and 
cultured in water in darkness, citric acid increases for 
many hours at a remarkably constant rate which 
averages about 3.8 + 0.7 millimoles per hour per kilo 
of initial fresh weight. Even if collected at sunrise 
and subsequently held in darkness (samples 1949-C), 
accumulation of citric acid at about this same rate 
continues for at least 7 hours. The data for samples 
1949-B represent two successive cycles of 9 hours of 
darkness, each of which was preceded by a full day of 
exposure of detached leaves to sunlight; the condi- 
tions are reckoned to be “unstressed” since the expo- 
sure to light was normal in length. If, however, the 
leaves are subjected to stress by prolonged exposure 
to light (samples 1953-B), the rate at which citric 
acid is formed is somewhat diminished although it is 
still substantial. 

The behavior of citric acid in leaves picked at day- 


TABLE IV 


Rate of CHANGE or Citric Acip CONTENT oF LEAVES OF BRYOPHYLLUM CALYCINUM 
DURING EXPosURE TO DARKNESS OR TO LIGHT 


EXPOSURE 
TO DARKNESS 


CONDITION BEFORE 


TREATMENT Rate 


SAMPLES 


Toray 
EXPOSURE 
TO LIGHT 


CONDITION BEFORE 


TREATMENT Rate 


milli- 
moles/hr * 


+40 


1955-C Unstressed 


+22 
+33 
+28 


+33 
+3.0 


+38 
+3.1 


1953-B Stressed in light 27 hrs 
“ “ “ 50 “ 


* 
Stressed in light 24 hrs 
“ “ “ 24 “ 


“ “ “ 


1952-A 


1951-C Unstressed 


1951-B 
+45 
+47 


+38 
+2.7 


1948-B 9 
“ 9 


1949-C 


14 


milli- 
moles/hr * 
-5.7 
-54 
-41 


+0.09 
+0.07 


36 hrs 
60 “ 
84 “ 


Stressed in darkness ** 
“ “ “ 
“ “ 


Unstressed 
“ 


Unstressed 
“ 


Unstressed 


* Data expressed in terms of 1 kilo of initial fresh wt. 


** See footnote to table IT. 
artificial light. 


++ Leaves collected at sunrise and cultured in darkness. 
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break and exposed to light is, however, by no means 
always predictable. The stressed leaves of samples 
1955-C and the unstressed leaves of samples 1949-B 
(table IV), which were exposed in the greenhouse, lost 
citric acid at rates comparable with those at which it 
is synthesized in darkness. The leaves of samples 
1953-B, 1952-A and 1951-B which were exposed to 
artificial light at controlled temperature and humidity 
immediately after being picked at daybreak lost citric 
acid much more slowly; indeed, those of samples 
1953-B apparently gained slightly (fig 2). A question 
is at once raised whether the situation under the con- 
ditions of artificial illumination was truly comparable 
with that which obtained in the greenhouse where 
samples 1955-C and 1949-B were treated. The con- 
ditions with respect to temperature were certainly 
different. The leaves under the artificial lights were 
maintained near 22°C as observed on thermometers 
placed close to the surfaces of the leaves, although 
this was at best only an approximate indication of the 
temperature within the tissues. The temperature of 
the greenhouse, on the other hand, varied widely and, 
since the experiments were done on warm sunny days, 
rose to the vicinity of 38°C or even higher in the 
early afternoon. The mean temperature over the 


whole experimental period was doubtless considerably 
higher than that in the temperature-controlled room. 

That either the intensity or the quality of the arti- 
ficial light was responsible for the difference in be- 


havior seems less probable. The leaves of samples 
1953-B increased rapidly and extensively in both or- 
ganic solids and starch as is shown in figure 1, and the 
same is true of samples 1951-B (3). Under the same 
conditions of illumination, the starch content of sam- 
ples 1953-A (table II) showed the most extensive and 
rapid increase that has been observed in this labora- 
tory although the increase of organic solids was not 
striking (1). Accordingly, the light intensity in the 
room used was adequate for photosynthetic reactions 
and for the reactions concerned in the formation of 
starch, and there is no indication that there was an 
insufficiency with respect to quality. It is obvious 
that the discrepancies can only be cleared up by suit- 
ably planned additional experiments. 

The behavior of isocitric acid in the present sam- 
ples (fig 2) is of special interest. It has been pointed 
out previously that isocitric acid remains constant 
within the limits of the error of measurement in Bry- 
ophyllum leaves exposed to the normal diurnal varia- 
tion of illumination (8), although a possibly signifi- 
cant loss occurs on long exposure to light (3). The 
curves for the behavior of isocitric acid in figure 2 
show that, during culture in darkness, this substance 
followed a somewhat irregular course. However, the 
mean content of the 7 samples was 173 + 5.7 meq per 
kilo. The variation was thus only 3.3 % of the quan- 
tity measured, and accordingly, there is no convincing 
evidence of a change in isocitric acid during the treat- 
ment of the leaves which was significantly greater 
than the variability of the observations. On transfer 
to light, however, there was a significant decrease in 
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the amount of isocitric acid in these samples. The 3 
observations are consistent and are supported by the 
data of the curve at the right of the figure which 
show the behavior of isocitric acid in the leaves cul- 
tured in continuous light. In these samples, isocitric 
acid diminished continuously although slowly. A re- 
gression line calculated for the 7 samples cultured in 
light shows that approximately 9% of the isocitric 
acid present at the start disappeared during the 74 
hours of the culture period. This is greater than the 
analytical error, and the conclusion may be drawn 
that isocitric acid is to some extent utilized under 
these conditions. The tentative conclusion in an 
earlier paper (3) is thus confirmed. However, in 
these leaves, transfer to darkness brought about only 
negligibly small changes which were well within the 
error of the observations. 


DISCUSSION 


Errects or Srress: The effect of prolonged ex- 
posure to light or to darkness upon the rate at which 
starch disappears or is synthesized after transfer of 
the leaves from one situation to the other is shown 
by the data for samples 1955-C and 1953-B in table 
II. These rates furnish measures of the slopes of the 
broken lines in figure 1. The progressive change in 
the rates represents the effect of the increase in the 
stress to which the physiological systems had been 
exposed. The analogous data for the rates at which 
malic acid underwent change are given for the same 
sets of samples in table III, and those for citrie acid 
in table IV. These rates are indicated by the slopes 
of the broken lines in figure 2. In all instances, with 
the exception of the data for the rate of change of 
citric acid in the leaves that had been stressed in light 
and subsequently transferred to darkness, the rates 
diminished with the increase in the period of culture 
before the transfer was made. The decrease in the 
rates of the reactions furnishes evidence of progres- 
sive impairment of the ability of the enzymatic sys- 
tems involved to recover from the effects of the stress. 

The close inverse correlation that has repeatedly 
been observed between the data for decrease of malic 
acid and increase of starch in Bryophyllum leaves ex- 
posed to light, as well as for the apparent reversal of 
this relationship in leaves exposed to darkness, has 
been advanced as evidence in favor of the view that 
a sequence of chemical reactions occurs whereby ac- 
tual transformation of the one substance into the 
other takes place. The present data reflect disturb- 
ances in the efficiency or speed of these reactions 
brought about by the onset of what has been desig- 
nated “stress.” In general, the speed of chemical re- 
actions is influenced by temperature, and by the rela- 
tive proportions of the reactants involved. With 
enzymatically catalyzed reactions, it is also a function 
of the affinity of the substrate for the enzyme, a 
quantity which is measured by the Michaelis constant. 
The speed of reactions is likewise affected by the pres- 
ence of inhibitors and, in addition, if the concentra- 
tion of one or more of the essential enzymes or co- 
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factors is changed, a corresponding change in reaction 
speed would occur. In the present experiments, there 
was no reason to suppose that the temperature, at 
which the three samples in each set subjected to 
transfer were treated, diminished in a systematic way 
so as to retard progessively the rates at which the 
chemical reactions proceeded. On the contrary, the 
physical conditions after each transfer were dupli- 
cated as closely as possible. With respect to the pos- 
sibility that the speed of the reactions diminished be- 
cause of progressive failure of the supply of one of 
the reactants, it may be pointed out that malie acid 
did indeed slowly drop to a low level during prolonged 
culture of the leaves in darkness (fig 2), and this may 
have affected the rate at which starch was synthesized 
in these samples after transfer to light. On the other 
hand, in the samples cultured in light, malice acid was 
at approximately the same low level in all three sam- 
ples which were transferred to darkness, and starch 
was at a high level in all, yet a progressive change in 
the rates of reaction occurred. Accordingly, it is 
difficult to account for the decrease in reaction rate 
after transfer in terms of a deficiency of one of the 
reactants. 

That change occurred in the Michaelis constants 
of individual enzymes as the period of culture in- 
creased is highly improbable; the affinity of an en- 
zyme for its substrate is a property characteristic of 
the protein itself and, within the limits of present 
knowledge, is fixed in magnitude. One is left, there- 
fore, with two hypotheses to account for the observed 
progressive change in the rates of the reactions; the 
possibility of the generation of inhibitory substances, 
or the possibility of the progressive destruction of 
one or more of the enzymes or co-factors essential 
for the catalysis of the reactions. Whether or not in- 
hibitory substances are gradually formed must be left 
for future investigation, and at present little informa- 
tion regarding co-factors is available. In any case, 
however, the most likely hypothesis is that a slow 
destruction of the enzymes occurred. Information 
that may bear on this point was obtained by an ex- 
amination of the protein nitrogen. It has been men- 
tioned that a plot of the data suggested that a pro- 
gressive loss of protein took place throughout the 
period of culture. The regression line calculated for 
the 7 points which represent the protein nitrogen of 
the leaves cultured in darkness indicated that about 
6.5 % of the protein had disappeared at the 84-hour 
point when the third sample was transferred to light. 
The regression line for the protein nitrogen of the 
samples cultured in light suggested that about 3.8 % 
of the protein had disappeared at the 74-hour point 
when the third transfer to darkness was made. That 
these losses of protein reflect the gradual decomposi- 
tion of enzymes essential for the chemical reactions 
which occurred is indeed speculative, but it can be 
concluded that such an event is in conformity with 
the observations on the changes in protein content. 

QUANTITATIVE RELATIONSHIPS BETWEEN STARCH 
AND Acips: The hypothesis that starch is converted 
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into organic acids in darkness and acids are converted 
into starch in light can be tested by comparison of 
the quantities of the presumed reactants which wun- 
derwent change subsequent to transfer from the one 
to the other condition of illumination. The essential 
information is collected in table V. In order to avoid 
all considerations of chemical mechanisms, the data 
are expressed in terms of millimoles of carbon, and 
the figures are arranged so as to answer the question: 
Was sufficient carbon supplied, by the component 
that diminished in quantity, to account for the in- 
crease in the component to which it was presumably 
converted? The upper part of table V refers to the 
leaves which were cultured in darkness and trans- 
ferred to light, the lower to the leaves subjected to 
the converse treatment. The data for the changes 
in starch are given in gm per kilo in column 3 in or- 
der to furnish an easily appreciated measure of the 
direction and magnitude of the phenomena. Column 
7 gives the ratio between the sum of the carbon in- 
volved in the change in the quantity of malice and 
citric acids to the carbon involved in the change in 
the amount of starch. For the unstressed leaves 
cultured in darkness, the ratio of 1.46 indicates that 
appreciably more of these acids were formed than 
could have arisen from the starch. Carbon from 
some other source must have entered the system, and 
such observations as those of Thurlow and Bonner 
(9) and of Varner and Burrell (10) with radioactive 
carbon dioxide indicate that fixation of carbon can 
account for a part at least of the extra carbon found 
in these acids. The rather precise agreement  be- 
tween the loss of carbon from starch after 12 hours 
and the corresponding gain of carbon of malic acid is, 
however, worthy of attention. 

At the end of 18 hours, although the rate of loss of 
starch had been maintained, the rate of gain of the 
acids had diminished, with the result that the ratio 
of the quantities of carbon approached unity. Thus 
the quantities of carbon involved in the overall reac- 
tions which had occurred during 18 hours are in con- 
formity with the hypothesis. 

After transfer of the leaves to light, starch was 
synthesized and malic and citric acids diminished. 
The ratios between the quantities of carbon involved 
in these reactions in each of the 3 samples remained 
essentially constant notwithstanding the wide differ- 
ences in the amounts of the substances concerned, 
and thus also conform with the hypothesis of actual 
transformation. That the ratios are slightly greater 
than unity suggests that the transformation was 
somewhat short of being quantitative, that is to say, 
a little of the malic or citrie acid or possibly of both 
was converted into products other than starch. 

The data in the lower part of table V show that 
considerably more carbon appeared in the starch 
formed during the first 14 hours of culture in light 
than can be accounted for by the carbon of the 
acids that disappeared. If a correction is applied to 
the amount of starch synthesized by subtracting 
the weight of the organic solids that were formed 
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(see data in parentheses), these solids being assumed 
to represent photosynthesized starch, the ratio is 
somewhat increased and, when this calculation is 
carried out for the leaves that had been cultured for 
27 hours in continuous light, reaches 1.07. A previous 
observation (3) is thus confirmed. It may be con- 
cluded, therefore, that unstressed leaves cultured in 
light behave in a manner which conforms with the 
hypothesis that much of the starch formed may arise 
from chemical transformation of the organic acids. 
The leaves that had been stressed by prolonged ex- 
posure to light before transfer to darkness were, how- 
ever, no longer able to make efficient use of the 
starch for the synthesis of acids. The ratio between 
the quantities of carbon is much depressed. Atten- 
tion has already been drawn to the point that the in- 
crease in malic acid was far less striking (fig 2 and 
table III) than that in unstressed leaves both in 
amount and in the rate at which the reaction occurred. 
The damage appears to have been especially severe 
to the systems involved in the synthesis of this sub- 
stance, although the systems concerned with the 
formation of citric acid do not seem to have been so 
gravely affected. No information was obtained re- 
garding the fate of that part of the starch which 
did not appear to contribute to the acid metabolism. 
The present investigation has provided further 
evidence on the interrelationships of starch and or- 


ganic acids in Bryophyllum leaves in light and dark- 
ness inasmuch as it is shown that almost quantitative 
transformation of the one into the other is within the 
bounds of possibility. The crux of the problem is, 
however, the elucidation of the mechanisms whereby 
these chemical events are brought about. Upon this 
matter, there is nothing to offer at the present time 
save speculation. It seems certain, however, that a 
careful study of the enzyme systems of this species 
will ultimately lead to at least a partial understand- 
ing of the extraordinary chemical behavior of cras- 
sulacean plants. 


SUMMARY 


Initially identical samples of excised leaves of 
Bryophylium calycinum have been subjected to pro- 
longed culture in water in darkness, individual sam- 
ples being transferred to light at intervals. A second 
set of samples was subjected to the converse condi- 
tions, the object being to test the capacity of the 
leaves to resume the normal rhythm of variation in 
composition with respect to starch and organic acids. 

The effect of prolonged culture either in darkness 
or in light was to set up a condition which is inter- 
preted as representing a steadily increasing degree of 
physiological stress. This condition was characterized 
by the diminishing speed at which the major chemical 
changes in composition subsequent to transfer were 


TABLE V 


Mo rar RELATIONSHIP BETWEEN THE CARBON OF STARCH AND OF MALic AND Citric AciIps 
INVOLVED IN CHANGES IN COMPOSITION WHICH OccuR IN BrYOPHYLLUM 
Leaves SUBJECTED TO CULTURE IN WATER 


Hrs oF 
PRELIMINARY 
CULTURE 


CoNDITION BEFORE 
TREATMENT 


A SrarcuH, 
GM * 


A StarcH 
CARBON, 
MILLIMOLES * MILLIMOLES * 


A B Cc 

A Matic A Crrtric Acip 
CARBON, CARBON, 

MILLIMCLES * 


Unstressed : 
cultured in darkness 
(Samples 1955-C) 


Stressed by culture in 
darkness for period shown: 
Change after transfer 
to light for 11 hrs 


Unstressed : 
cultured in light 
(Samples 1953-B) 


Stressed by culture in 
light for period shown: 
Change after transfer 
to darkness for 11, 12 
and 14 hrs, respectively 27 - 98 
50 - 68 
74 - 57 


* Data expressed in terms of 1 kilo of initial fresh wt. 


** Corrected for increase of organic solids assumed to represent starch. 


3 
Ratio 
e A 
: 12 - 63 ~ 234 +240 + 98 1.46 . 

18 401 +290 +127 1.04 
is 
d 36 + 65 +239 ~ 160 ~ 125 1.19 
d 60 + 49 + 182 95 ~119 117 
4 84 + 40 +149 - 68 ~ 90 1.06 
al 14 $127 +469 363 + 26 0.77 
(+ 440) ** (0.82) ** 
48 27 +159 +590 385 + 53 0.64 
(4353) ** (1.07) ** 
362 + 98 + 53 0.40 
nt ~ 250 +77 + 79 0.62 
1e - 212 + 59 + 77 . 0.64 
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observed to take place as the culture period was pro- 
longed. The data refer particularly to the synthesis 
and decomposition of starch, and the correlated re- 
ciprocal changes in malic and citric acids. 

During the culture period, the total protein of the 
leaf slowly diminished in amount. It is tentatively 
suggested that the changes in the rates at which the 
leaves are able to recover from the stressed condi- 
tion are correlated with the loss of protein and spe- 
cifically with the gradual, although only partial, de- 
struction of the enzymes essential for the chemical 
transformations to occur. The enzymes concerned 
with the metabolism of malic acid appear to have 
been especially sensitive to prolonged culture in light. 

An examination of the data for the reciprocal 
changes in starch and organic acids showed that, in 
general, approximately the correct quantity.of carbon 
was supplied by the component which diminished in 
amount to account for the carbon of the component 
which was synthesized. However, this relationship 
did not hold for the synthesis of organic acids in 
leaves which had been stressed by prolonged culture 
in light and were then placed in darkness. In these 
leaves, there was a marked deficiency in the synthesis 
of organic acids. 

In contrast to its behavior in Bryophyllum leaves 
exposed to light under greenhouse conditions, citric 
acid was observed to diminish slowly, if at all, when 
the leaves were exposed to artificial light at a con- 
trolled temperature in the vicinity of 20°C. 
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THE DARK FIXATION OF CO, BY SUCCULENT LEAVES: 
THE FIRST PRODUCTS 
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University oF SOUTHERN CaLirorNiA, Los ANGELES 7, CALIFORNIA 


It has long been realized that green leaves have 
the ability to fix CO, in the dark to form organic 
acids with the concomitant loss of carbohydrate 
stores. A group of plants known as the succulents is 
characterized by a particularly active dark fixation 
of CO,. In the case of the succulents, the organic 
acids synthesized in the dark are transformed to car- 
bohydrates during a subsequent light period (4). 


1 Received July 17, 1956. 
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Despite the considerable amount of work which has 
been done on succulent metabolism (11), the exact 
metabolic pathways by which the dark fixation of 
CO, proceeds have not, hitherto, been elucidated. 
The techniques of paper chromatography and 
radioautography developed by Calvin, Benson, and 
their co-workers (3), to determine the pathway of 
C140, in photosynthesis are particularly applicable, 
with modifications, to the study of the dark fixation 
of C140, by succulents. That C140, is incorporated 
into the organic acids of succulents has been demon- 
strated by Thurlow and Bonner (13) who exposed 
Bryophyllum crenatum leaves to C14O, for 60 hours. 
By means of a gross chemical separation of the prod- 


Sa so 


ucts, they found that about 50 % of the activity was 
associated with the organic acid fraction, the re- 
mainder with amino acids, sugars, and insoluble ma- 
terials. More refined techniques for the separation of 
organic acids on silica gel columns were employed by 
Varner and Burrell (16) in their study of C14O, fixa- 
tion by excised B. calycinum leaves. After two hours 
of dark fixation, radioactivity was found in malic, 
oxalic, succinic, citric, and isocitric acids. The mal- 
ate contained 76 % of the activity fixed in the organic 
acid fraction, confirming that this compound is the 
principal acid concerned with acidification in the suc- 
culents. Ranson (12) who used paper chromatog- 
raphy, C4O., and radioautography identified aspar- 
tate and glutamate as well as the above-named organic 
acids in 14-hour experiments with excised Kalanchoé 
leaves. 

In all of the experiments outiined above, relatively 
long dark COg, fixation periods were used and mix- 
tures of products were obtained. It should be possi- 
ble to identify the product or products of the initial 
carboxylation reaction by shortening the reaction 
period. This paper will describe experiments in which 
we have been able to identify the products of the 
6-second dark fixation of CO, by excised B. caly- 
cinum leaves as malate and aspartate. It is suggested 
that the reaction mechanism for the process involves 
oxaloacetate as the common, but transient precursor. 
Evidence for the occurrence of oxaloacetate as well as 
the presence of the enzyme mediating the synthesis of 
this compound from PEP? and CO, in the leaves of 
B. calycinum supports the postulated mechanism. 


MATERIALS AND METHODS 


CO, Dark Fixation APPARATUS: An apparatus 
was devised in which succulent leaves were exposed 
to C140, in complete darkness, and which permits the 
leaves to be homogenized in situ after very short ex- 
posure intervals. The apparatus is shown in figure 1. 
A stainless steel micro-Waring blendor was fitted with 
a large two-holed rubber stopper. The blades were 
modified, as indicated, to insure total disruption of 
the leaves. All glass connections were coated with an 
opaque wax to exclude light. Approximately 1 gm 
of intact excised leaves are placed around the blade, 
the stopper securely clamped in place, a vacuum 
created in the chamber by means of an aspirator, and 
C40., previously generated from BaCO, and col- 
lected in the trap, drawn into the chamber. To termi- 
nate the reaction, a vacuum is again created in the 
chamber and 30 ml of boiling 80% ethanol drawn 
into the chamber with simultaneous homogenization. 
The homogenate was filtered, extracted with Skelly A 
solvent to remove chlorophyll and carotenoids, and 


3 The following abbreviations are employed: PEP, 
phosphoenolpyruvate; ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; DPN*, oxidized diphos- 
phopyridine nucleotide; DPNH, reduced diphosphopy- 
ridine nucleotide; TRIS, tris (hydroxymethyl) amino- 
methane; OA, oxaloacetate; ITP, inosine triphosphate; 
IDP, inosine diphosphate. 
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C02 DARK FIXATION APPARATUS 


Fic. 1. Apparatus designed for the exposure of in- 
tact leaves to C“O2 in complete darkness. 


concentrated to a final volume of 2.0 ml under re- 
duced pressure. 

B. calycinum from the clone maintained by the 
Division of Biology, California Institute of Technol- 
ogy, were obtained through the generosity of Dr. 
James Bonner and Mr. Charles Newman. The plants 
were 10 to 15 em tall when used. Only the young 
leaves, 1 to 2 cm in length, near the apex of the stem 
were used. No special care was exercised in main- 
taining environmental conditions of light or tempera- 
ture during growth. Prior to use, the whole plants 
were exposed to sunlight for at least four hours to 
insure that they possessed an appreciable carbohy- 
drate store. 

CHROMATOGRAPHIC AND RADIOAUTOGRAPHIC METH- 
ops: The procedures of Benson et al (3) were used 
with slight modification. Aliquots (0.1 to 0.2 ml) of 
the concentrated ethanolic extract were chromato- 
graphed on Whatman No. 1 (18” x 22”) by descend- 
ing chromatography. The first solvent was 80% 
phenol : 20% water (w/w), the second solvent n- 
butanol (79) : acetic acid (19) : water (50) (v/v). 
Compounds were located by radioautography made 
with “no-screen” x-ray film. Activity of each area 
was determined using an end window Geiger tube di- 
rectly on the paper. Authentic samples of suspected 
compounds were cochromatographed with the extract 
and identification made by superposition. Amino 
acids were located with the ninydrin in collidine spray 
of Levy and Chung (8); organic acids with a mixed 
indicator spray of 3 gm brom-phenol blue-1 gm methyl 
red per 1000 ml of 95 % ethanol. 

PREPARATION OF ENZYME: Homogenates from leaf 
tissue were prepared by the method of Waygood (18). 
The leaves are infiltrated with 1% NH,OH to neu- 
tralize the acidic compounds present in the leaf which 
will otherwise inactivate the enzyme during grinding. 
Ten gm of infiltrated leaves were ground with sand 
in a cold mortar with 10 ml of 0.1M TRIS buffer, 
pH 7.5. The homogenate was centrifuged at 500 xg 
for 5 minutes to remove cell debris and the cloudy 
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supernatant assayed for PEP-carboxylase activity by 
the method of Bandurski and Greiner (2). 

ISOLATION OF OXALOACETATE: Since oxaloacetate 
is present in the leaf tissue in very low concentrations 
and is very labile and readily destroyed when the leaf 
tissue is homogenized, a satisfactory procedure for 
trapping the oxaloacetate with carrier and 2,4-di- 
nitrophenylhydrazine was carried out as follows: 
leaves were permitted to fix C10, in the dark for 
20 minutes. Fifty ml of saturated 2,4-dinitrophenyl- 
hydrazine in 2N HCl in which 100 mg oxaloacetate 
were dissolved immediately before use were drawn 
into the reaction vessel and the tissue homogenized. 
The reaction mixture was immediately filtered, and 
the supernatant set aside at room temperature to 
permit crystallization of the phenylhydrazone deriva- 
tive. The phenylhydrazone was isolated and recrys- 
tallized to constant specific activity following the 
procedures outlined by Bandurski and Greiner (2). 


RESULTS AND DISCUSSION 


Radioautography of a chromatogram of a leaf ex- 
tract after a fixation period of 6 seconds is shown in 
figure 2. Only two products have incorporated C140, 
in this time. These are malate and aspartate. The 
radioactivity in each of these two compounds was de- 
termined for successively longer periods of exposure 
to Cl40,. These activities expressed as percent of 
total activity in the extract for each exposure time 
are plotted in figure 3. Extrapolation of these values 
to zero time shows, however, that there might be 
some common precursor to the malate and aspartate 
that is too labile to appear on the chromatograms. 
A possible hypothesis is that oxaloacetate may be 
such a precursor. It is also possible that aspartate 
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Fic. 2. Tracing of radioautogram obtained from ex- 
tract of Bryophyllum calycinum leaves after 6-sec expo- 
sure to C“Os. 
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Fic. 3. Radioactivity of malate and aspartate ex- 
pressed as percent total activity in extract as a function 
of time. 


and malate would incorporate label via independent 
pathways. 

Much speculation has appeared in the literature 
concerning the mechanism for the initial fixation of 
CO, in the succulents. Several workers have pro- 
posed that the responsible system is the “malic en- 
zyme” (9). 

(1) CO,+ pyruvate + TPNH + H* > malate + TPN’ 


Others have favored the Wood-Werkman reaction 
(19). 


(2) CO, + pyruvate > oxaloacetate 


It should be pointed out that this reaction is a purely 
speculative one and has not, as yet, been experi- 
mentally verified. Utter and Wood (15) demon- 
strated that in the presence of ATP and Mg™, pyru- 
vate could be carboxylated to yield oxaloacetate 


(3) pyruvate + CO, ae — oxaloacetate 


Mg* 
The experiments of Bandurski and Greiner (2) with 
spinach leaves and of Utter and Kurahashi (14) with 
liver have clarified the mechanism for the carboxyla- 
tion of PEP. The enzyme phosphoenolpyruvylear- 
boxylase from spinach leaves catalyzes the reaction 


(4) PEP +C0O, > oxaloacetate + orthophosphate 
It is an essentially irreversible reaction and is not de- 
pendent upon any nucleotide coenzyme (1). The 


liver system, on the other hand, is readily reversible 
and requires the participation of nucleotide coenzymes 


(5) PEP+C0O,+IDP ss ITP + oxaloacetate 
Thus, the direct phosphorylation of pyruvate 
(6) pyruvate + ATP ~ PEP + ADP 
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TABLE 


Activ:ty OF PEP-CarsoxyYLasE IN BrYOPHYLLUM 
CALYCINUM EXTRACT 


ConpblITION CPM FIXED IN REACTION MIXTURE 
Enzyme + PEP 5,430 
Enzyme - PEP 30 
Boiled enzyme + PEP 0 


Each tube contained 60 micromoles TRIS hydro- 
chloride, pH 7.5, 20 micromoles MgSQ,., 100,000 cpm 
NaHC"Os, 0.2 ml enzyme, 6 micromoles PEP. Total 
volume 1.5 ml. Incubated 60 min at 37°C. Reaction 
stopped with 0.1 ml 1N HCl and unreacted C“O: re- 
moved by bubbling N2 through the mixture. An 0.2-ml 
aliquot of the reaction mixture was counted with an 
end-window Geiger tube. 


linked to either reaction 4 or reaction 5 constitutes 
a likely reaction mechanism for reaction 3. 

Both the reversible and irreversible carboxylation 
reactions have been found together in wheat germ 
(10). That the enzyme of Bandurski’s experiment is 
present in succulent tissue is shown by the data of 
table I which concerns results from a typical experi- 
ment with a homogenate, prepared as indicated above. 
An estimate of the in vivo activity of PEP carboxy- 
lase in B. calycinum leaves is impossible because of 
the losses in activity incurred during preparation. 

The presence of oxaloacetate in plant tissues in 
rather low concentrations has been noted by Virtanen 
(17). Virtanen also made the observation that the 
level of oxaloacetate rises in the light and falls in the 
dark. Bradbeer (5) has obtained evidence for the 
presence of oxaloacetate in Kalanchoé leaves. He 
was further able to show that oxaloacetate incorpo- 
rates C40, during a 6-hour dark fixation. We have 
confirmed Bradbeer’s results by permitting leaves of 
B. calycinum to fix CO, and by subsequently kill- 
ing the tissue with carrier oxaloacetate and isolating 
the 2,4-dinitrophenylhydrazone as described above. 
Table II presents data from such an experiment. 
Characterization of the 2,4-dinitrophenylhydrazone 
of oxaloacetate was made by elemental analysis and 
cochromatography with an authentic sample con- 
firmed its identity. 

Thus it is clear, from the evidence of figure 2, that 
a single compound gives rise to both malate and 


TABLE II 


CRYSTALLIZATION OF THE 2,4-DINITROPHEN YLH YDRAZONE 
OF OXALOACETATE TO CONSTANT SPEcIFIc ACTIVITY 


No. OF CRYSTALLIZATIONS Wr (ma) CrpmM/MG 
1 95.0 30.1 
2 67.1 27.2 
3 40.6 27.0 


Conditions of the experiment are described in the 
text. The phenylhydrazone was recrystallized from 
ethyl acetate by the addition of hexane. Radioactivity 
was determined on an aliquot with an end-window 
Geiger tube. 


aspartate, and the identification of both oxaloacetate 
and the enzyme, PEP carboxylase, which mediates the 
synthesis of oxaloacetate, suggests the following 
scheme for the initial reactions of dark CO, fixation 
by succulent leaves: 

Glyc 
(7) Carbohydrate 


+ CO, 
PEP ——— oxaloacetate 
PC 


PEP 


malate 


MD 
Oxaloacetate 


+ 


aspartate 


MD = malic dehydrogenase 
T = transaminase 


Glyc = glycolysis 
PC = PEP carboxylase 


Such a mechanism has been proposed by Tchen and 
Vennesland (10). The alternative scheme involving 
malic enzyme in the initial reaction appears unlikely 
despite the fact that net dark fixation of small 
amounts of malate is possible (7) by this system. If 
malate were the first product, it would be difficult to 
conceive of its oxidation to oxaloacetate and subse- 
quent transamination to aspartate. The equilibrium 
for the reaction 


(8) malate + DPN* > OA + DPNH + H* 


greatly favors the reduction of OA (6). The trans- 
aminase reaction is essentially a freely reversible 
chemical equilibrium. Since succulents have the abil- 
ity to accomplish a great deal of net COz fixation, it 
seems more probable that the reaction scheme (7) 
is operative. 


SUMMARY 


1. The major products of the dark fixation of 
C140, by Bryophyllum calycinum, a typical succu- 
lent, have been identified as malate and aspartate 
during a 6-second fixation period. 

2. The kinetics of the labeling from these two com- 
pounds during longer periods of dark fixation indi- 
cate that they must arise from a common precursor. 
It is suggested that this precursor may be oxalo- 
acetate. 

3. Radioactive oxaloacetate has been identified in 
leaves exposed to C140,. The enzyme catalyzing the 
carboxylation of PEP to oxaloacetate has been iden- 
tified in B. calycinum homogenates. 

4. A scheme to account for the initial fixation of 
CO, during the dark acid metabolism of succulents is 
proposed. 
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PERMEABILITY OF VICIA FABA ROOT SEGMENTS TO WATER 
AS MEASURED BY DIFFUSION OF DEUTERIUM 
HYDROXIDE?” 


LAWRENCE ORDIN anp PAUL J. KRAMER 
KerckHorr LABORATORIES OF Biotocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA AND DEPARTMENT OF Botany, Duke UNIvERsITY, 
DurHaM, NortH CAROLINA 


In experiments with Avena coleoptiles reported 
previously (7) the time required for internal con- 
centrations of deuterium hydroxide (DHO) to attain 
half of the external concentrations was found to be 
8 or 9 minutes. It was found in those experiments 
that segments of coleoptiles killed by treatment with 
2,4-dinitrophenol (DNP) exhibited only a slight in- 
crease in permeability to water, the half time being 
decreased to about 6.5 minutes in dead coleoptile seg- 
ments. This contrasts with results obtained by 
Brouwer (1) and Kramer (4) with roots, and results 
of Wartiovaara (12) with Tolypellopsis, all of these 
workers finding a large increase in permeability to 
water after killing. These workers concluded that 
most of the resistance to water movement in roots 
resides in the cytoplasm but the results of the experi- 
ments with Avena coleoptiles suggest that in the 
latter most of the resistance to water movement re- 


1 Received July 20, 1956. 

2 Report of work supported in part by the Herman 
Frasch Foundation and in part by the National Science 
Foundation. 


sides in the cell walls. A series of experiments simi- 
lar to those on Avena coleoptiles was, therefore, per- 
formed on roots in order to learn if roots behave dif- 
ferently from coleoptiles. It will be shown below that 
the half time of diffusion of water in Vicia Faba root 
segments is less than one-tenth that in Avena coleop- 
tile segments and that killing either by DNP treat- 
ment or by heat treatment results in a considerable 
decrease in the half time, i.e., permeability increases. 


MATERIALS AND METHODS 


The material used in this work consisted of 10-mm 
segments cut 3 to 4 mm above the apices of secondary 
roots of Vicia Faba. The diameter of the segments 
was about 0.5 mm. The Vicia Faba (var. Windsor 
Long Pod) seedlings were grown as follows. About 
120 seeds were soaked overnight in an enameled tray 
containing a shallow layer of distilled water. The 


seed coats were removed and seeds which appeared 
healthy, i.e., not attacked by parasites, were planted 
on water-soaked and drained vermiculite and covered 
by wet vermiculite in a stainless steel tray. 


Four 


id 
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days later seedlings were removed from the vermicu- 
lite and were rinsed and transplanted to glass cylin- 
ders containing 4% strength Hoagland solution. Solu- 
tions were aerated by compressed air passing through 
sinter glass aerators. Four days after transplanting, 
the tips of the primary roots were cut off. Six days 
later water was added to the cylinders. Seventeen 
days after soaking the seeds, the roots were harvested 
for experimental use. Each part of each experiment 
was performed using about 50 segments in 15 ml of 
solution. 

The experiments were carried out with 0.5 % deu- 
terium oxide (D,O) prepared from 99.5% D,O ob- 
tained from Stuart Oxygen Company by authoriza- 
tion of the U. S. Atomic Energy Commission. Groups 
of root sections were placed in DHO solutions for 
various periods of time. Solutions were made up in 
0.005 M KH2PO, at pH 5.0 to 5.3. After the desired 
time interval the group of segments was poured on a 
piece of Whatman No. 1 filter paper which had been 
placed on a porcelain filter funnel and the surfaces of 
the segments were dried externally by applying suc- 
tion and by placing another piece of filter paper on 
top of them. When dry, the sections were quickly 
transferred to a ground glass stoppered vial which 
was used as the distilling vessel for removal of the 
tissue water by lyophilization as described earlier 
(7). The DHO content of the tissue water was deter- 
mined by mass spectrometry as described by Wash- 
burn et al (13). The precision of measurement is 
greater than + 0.01 atom percent over the range of 
DHO concentrations used in this work. 

The data are presented as mole percent DHO in 
the tissue water as a function of time of exposure to 
the isotopically labeled solutions. 
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Fig. 1. Effect of 5x10*M 2,4-DNP pretreatment 
on inward diffusion of DHO into Vicia Faba root sec- 
tions. External solution concentrations indicated by hori- 
zontal lines. Half-times indicated by arrows. 0.005 M 
KH-PO, pH 5 throughout. 
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Fic. 2. Effect of killing by heat on subsequent in- 
ward diffusion of DHO into Vicia Faba root sections. 
External solution concentration indicated by horizontal 
line. Half-times indicated by arrows. 0.005 M KH:PO, 
pH 5 throughout. 


RESULTS 


The data of figure 1 show that the permeability 
to water of Vicia Faba roots is much higher than that 
of Avena coleoptiles, the half time of diffusion of 
DHO into the roots being only 0.6 minute compared 
to 8 or 9 minutes in Avena coleoptiles. This value 
corresponds quite closely to that of Wartiovaara (12) 
who found a half time of diffusion of DO of 0.8 min- 
ute for Tolypellopsis. Thimann and Samuel (11) 
measured the rate of diffusion of tritium hydroxide 
(THO) out of previously incubated potato disks and 
found that disks of less than a millimeter in thick- 
ness had a half time of diffusion of THO of less than 
1.0 minute. The data of figure 1 show also that if 
roots are pretreated with 5x 104M 2,4-DNP for 4 
hours, the permeability is decreased, the half time in- 
creasing to 1.1 minutes. This treatment resulted in 
the death of Avena coleoptile segments (7) but not 
of Vicia Faba root segments, as can be shown by the 
fact that root cells retain the property of behaving 
as osmometers during the time involved. The loss of 
differential permeability of the cellular membrane is 
the only certain criterion of death of cells in such 
studies as these. 

In order to test the effect of killing by heat, to 
produce conditions similar to those used by Kramer 
(4), and by Renner (8), root segments were heated 
for 30 minutes at 80°C in water. Figure 2 shows 
that permeability is increased about 6 times by heat- 
ing. This indicates, as claimed by Kramer, that the 
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Fic. 3. Effect of killing by 1x 10° M 2,4-DNP pre- 
treatment on subsequent inward diffusion of DHO into 
Vicia Faba root sections. External solution concentration 
indicated by horizontal line. Half-times indicated by 
arrows. 0.005 M KH:PO, pH 5 throughout. 


primary barrier to water movement in root systems 
lies in the living cytoplasm of the roots. 

It may be questioned whether killing by immer- 
sion in hot water is a satisfactory method of deter- 
mining the relative resistance of cytoplasm and cell 
walls to water movement because hot water might ex- 
tract pectic substances from the walls and increase 
their permeability. Killing with an inhibitor such as 
DNP would be more satisfactory because it affects 
only the protoplasm, hence an experiment was per- 
formed with 10° M DNP. 

Root segments were pretreated with DNP for 6 
hours. At the end of this time it could be seen with 
the microscope that root cells were not plasmolyzed 
by 0.8M mannitol and they were regarded as dead. 
Figure 3 shows that the tissue killed with DNP also 
was much more permeable to water than living root 
segments. The half time of diffusion for the DNP- 
treated tissue was 0.2 minute, compared to 0.1 minute 
in roots killed by hot water. The higher permeabil- 
ity of the heat-killed tissue may be caused by extrac- 
tion of pectic materials from the cell walls in hot 
water. The results obtained by the two methods are 
sufficiently similar, however, to justify the conclusion 
that the primary barrier to water movement in Vicia 
Faba roots is indeed the living cytoplasm. 


Discussion 


_ It has been shown that living Vicia Faba roots are 
highly permeable to water and that death results in 
a marked increase in permeability to water as meas- 


ured by DHO diffusion. Killing the roots by immer- 
sion in hot water increased permeability more than 
killing with DNP. Use of DNP as a killing agent 
seems preferable because it eliminates any possibility 
of extracting cell wall constituents, but the errors in- 
troduced by heat treatment apparently are not seri- 
ous in studies of water permeability. 

The results presented here agree with those of 
Brouwer (1) and Kramer (4) who found that killing 
roots greatly increased their permeability to water. 
These results also support their conclusion that the 
cytoplasm of the root cells is the primary barrier to 
water movement into the roots. Waartiovaara (12) 
reached a similar conclusion from experiments with 
single cells of Tolypellopsis. 

Avena coleoptiles differ from roots in being much 
less permeable to water and showing a much smaller 
increase in permeability after death. This indicates 
that the walls of Avena coleoptiles present a greater 
barrier to water movement than the cytoplasm, a 
situation just the opposite of that existing in Vicia 
Faba roots. Apparently the internal walls play an 
important part in this resistance, because Ketellapper 
(3), using 2.5-mm Avena coleoptile segments, obtained 
half times of diffusion which were approximately half 
those obtained by Ordin and Bonner (7), using 5-mm 
segments, indicating that cutinized epidermal cells 
are not the only barrier to the entrance of water. 

The examples of decreased permeability to water 
caused by inhibitors which have been reported (1, 9, 
10) were verified by this investigation, although not 
to the extent found by others. Brouwer (1) found 
that KCN could reduce water uptake by 90 %, but 
this occurred at very high concentrations of the in- 
hibitor. DNP caused a slight depression of permea- 
bility similar to that reported here. In both cases 
the depressing effect might have been due to effects 
on salt secretion, rather than on water movement as 
such. Brouwer thinks that high KCN may make 
cytoplasm more resistant to water flow in some unex- 
plained manner. In any ease, it is generally agreed 
that the effects on permeability to water which are 
exerted via the cytoplasm do not necessarily indicate 
the existence of active water uptake mechanisms. 

The high values of permeability to water found 
by Wartiovaara (12), Thimann and Samuel (11), and 
the present authors, by means of the isotope method, 
agree with the values found by Huber and Ho6fler for 
algae (2), using osmotic methods of determination. 
The work of all of these authors clearly supports 
Levitt’s (5, 6) calculations which show that there is 
small likelihood of the occurrence of active or non- 
osmotic water uptake in higher plants, because plant 
cells are too permeable to water for it to occur. 


SUMMARY 


The permeability of Vicia Faba roots to water was 
measured by the rate of diffusion of deuterium hy- 
droxide (DHO). The half time DHO diffusion into 


living root segments was 0.6 minute. The half time 
for roots killed by DNP was 0.2 minute and for roots 
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killed by immersion in hot water was 0.1 minute. 
A lower, non-lethal concentration of DNP decreased 
root permeability, the average half time being 1.1 
minutes. 

The results of this study indicate that the cyto- 
plasm rather than the cell walls constitutes the princi- 
pal resistance to water movement in Vicia Faba roots. 
These results differ from those obtained in previous 
studies wih Avena coleoptiles in which permeability 
was little increased by killing the tissue, indicating 
that most of the resistance to water movement exists 
in the cell walls of Avena coleoptiles. 


The DHO analyses were carried out by Mr. Maurice 
Frech of the Analytical Service Department of Con- 
solidated Electrodynamics Corporation. We wish to 
thank Mr. C. W. Bailey for his helpful counsel. 
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EFFECT OF RADIATION AND GROWTH REGULATORS ON LEAF 
ABSCISSION IN SEEDLING COTTON AND BEAN? 
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Many workers have reported that a number of 
auxin-mediated responses, including growth of Avena 
coleoptile sections, the expansion of leaf discs, seed 
germination, and the photoperiodic response appar- 
ently are interrelated closely with light (4, 6, 7, 9, 12, 
13, 14, 15). All of these processes have their maxi- 
mum promotion in the red region of the spectrum at 
6500 A and all are freely reversed by far-red radia- 
tion, the maximum effectiveness for reversal being 
attained at a wave length of about 7300 A. 

Brumfield (5) noted that curvatures are induced 
in the roots of timothy when exposed unilaterally to 
ultra-violet radiation and suggested that the effect of 
ultra-violet is mediated through the inactivation of 
auxin. Bawden and Kleezkowshi (2) reported that 
ultra-violet injury to higher plants could be counter- 
acted by visible light and Tanada and Hendricks (16) 
demonstrated photoreversal of ultra-violet damage of 
soybean leaves; the photoreactivation was tempera- 


1 Received March 27, 1956. 


ture dependent and most effective at wave lengths 
shorter than 4500 A. 

In previous work it was found that chemical de- 
foliation of greenhouse-grown cotton was most com- 
plete at light intensities above 3,000 ft-c and that 
defoliation was poor in starch depleted plants unless 
sugar was applied (11). Repeated field observations 
have indicated that the best chemical defoliation of 
cotton occurs on bright days of high light intensity. 

Since most authorities agree that abscission is at 
least in part an auxin-mediated response, it was con- 
sidered fundamentally valuable to investigate some of 
the. qualitative and quantitative aspects of light as 
they effect the auxin relations of leaf abscission. 
Hendricks and Borthwick (9) have suggested that 
leaf abscission, interacting with other variable factors, 
is photoresponsive. 

In the present experiments primary emphasis has 
been given to the interaction of light and applied 
growth regulators in cotyledon abscission of light- 
grown seedling cotton. Incidental attention has been 
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given to the effect of these factors in dark-grown bean 
seedling-leaf abscission and to their effect on axillary 
bud growth of cotton. 


METHODS AND MATERIALS 


Attempts to grow large lots of uniform cotton 
seedlings in the dark with cotyledonary or primary 
leaf petioles suitable for use gave such variable results 
that their use was discontinued in favor of seedlings 
grown in the light as described below. Black Valen- 
tine bean seedlings, satisfactory for use, were grown 
in an air conditioned dark room at 25 + 1°C by the 
method of Downs (7). Arasan2 treated bean seeds 
were planted in sterilized vermiculite contained in 
stainless steel growth trays. The plants were watered 
periodically with Hoagland’s nutrient solution. The 
dark-grown bean seedlings were exposed to approxi- 
mately 150 ft-ec minutes of red light on the sixth and 
seventh day after planting to inhibit hypocotyl elon- 
gation and to promote leaf expansion and elongation 
of the leaf petioles. On the ninth day the primary 
leaves of all plants were debladed and the growing 
points were removed from all but a control lot to 
check further elongation. These manipulations were 
carried out under a green safelight. Subsequent expo- 
sures to red and far-red were given for 15 minutes. 

For the cotton-seedling experiments, selfed seed of 
a relatively pure line, 8948 (a colchicine doubled hap- 
loid from the Deltapine strain of Gossypium hirsu- 
tum), were germinated in 6-inch pots and thinned to 
two seedlings per pot. When twenty-one days old, 
uniform seedlings were brought to the laboratory, the 
cotyledons debladed and the stem decapitated two 
inches above the cotyledonary node. Unpublished ex- 
periments have shown that removal of the stem tip 
has little effect upon either cotyledon or true leaf 
abscission in cotton (8). The plants were divided 
into lots of 12 seedlings per treatment and the distal 
ends of the petioles treated with either lanolin (con- 
trols) or 1% lanolin pastes of indoleacetic acid 
(IAA), ethylene chlorohydrin (ECH), or trans-cin- 
namic acid (TCA). Each experiment was repeated 
from three to four times on different dates giving a 
total of 36 to 48 plants per treatment. 

Immediately following chemical treatment the seed- 
lings were exposed to darkness, natural room-light, 
red, far-red, fluorescent or ultra-violet irradiations or 
to different irradiance levels (light intensities) as indi- 
cated below. Irradiances and light intensities were 
measured with a General Electric radiation meter and 
Weston model 603 light meter. Natural room-light 
averaged about 100 ft-c during the daylight hours. 
The red and far-red radiations were produced from 
sources similar to those described by Downs (6, 7) 
and Toole et al (17). Six 300-watt incandescent-fila- 
ment lamps, with a filter of two layers of red and two 
layers of dark-blue cellophane, provided an effective 
source of far-red energy in the region of wave lengths 


2A seed treatment fungicide, Thiram (tetramethyl 
thiramdisulfide), manufactured by E. I. du Pont de 
Nemours and Company. 


greater than 7000 A. A bank of daylight fluoresceit 
lamps provided with a two-layer red cellophane fil! er 
gave an adequate source of red radiant energy in the 
region of 5800 to 7000 A. Both the red and far-red 
light sources were adjusted to give approximately 
1500 or 3000 pw/em? min at the plant height in the 
wave-length regions of maximum effectiveness. The 
spectral qualities of the red and blue cellophane filters 
used with the above light sources have been previ- 
ously characterized (6, 7, 12). Unfiltered cool white 
fluorescent lamps with reflectors, giving about 3000 
p»w/cm? min intensity at the plant height, were used 
as the fluorescent source. The ultra-violet treatments 
were given in an enclosed chamber fitted with two 
30-watt germicidal lamps emitting radiation mostly 
in the 2537 A region. The lamps were placed 150 em 
above the plants. At this height the intensity of radi- 
ation was approximately 60 pw/cm? min. For the 
experiments comparing different irradiance levels 
(light intensity experiments), the levels below ap- 
proximately 0.1 gm-cal/em? min or 1000 ft-c were 
produced from a combination of unfiltered fluorescent 
and incandescent lamps with reflectors adjusted to 
give the desired intensities at the plant height. Natu- 
ral sunlight in a shaded and unshaded greenhouse was 
utilized for the higher energy levels (intensities). The 
average maximum intensity in the shaded house was 
approximately 2500 ft-e or about 0.3 gm-cal/em? min 
whereas in the unshaded house the light intensity 
varied from 6,000 to 8,000 ft-e at noon or approxi- 
mately 0.9 to 1.2 gm-cal/em? min. The length of ex- 
posure to both artificial and natural light sources was 
regulated uniformly to 8 hours (9 AM to 5 PM) to 
minimize variations in natural intensity as much as 
possible. 

Abscission counts were made daily by applying 
gentle pressure to the lower side of the petioles. Per- 
centage abscission figures for the light source (wave 
length) experiments with cotton are the average of 
four experiments, giving a total of 48 plants or %6 
petioles per treatment. The irradiance data repre- 
sent the mean of three experiments (36 plants or 72 
petioles per treatment). Abscission for the dark- 
grown bean seedlings are given as the average 
percentage in 5 days. The regrowth in cotton was 
determined 18 days after treatment when the light- 
quality experiments were terminated. When possible 
the data were subjected to statistical analysis to show 
variability and significance. 


RESULTS 


Although both light and chemicals had a signifi- 
cant effect upon foliar abscission of light-grown cotton 
seedlings, chemical treatment caused greater differ- 
ences (table I). ECH and TCA greatly accelerated 
abscission and consistently gave the highest percent- 
age abscission throughout. Lanolin and IAA did not 
promote abscission greatly; in most cases IAA in- 
hibited the process. 

The data of table I show that the rate and per- 
centage abscission in darkness were essentially the 
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TABLE 
Errects oF LigHT AND GrowTH REGULATORS ON THE AVERAGE PERCENTAGE ABSCISSION IN 12 Days 
AND THE Days To 50% ABSCISSION IN CorrTon * 
Leet LANOLIN CONTROL 1% IAA 1% ECH 1% TCA 
Days To %oIN Days To YoIN Days To YoIN Days To 
bec 12 pays 50 % 12 pays 50 % 12 pays 50 % 12 pays 50 % 
Dark control 5 18 3 18 63 2.0 89 2.0 
Room light 4 18 0 18 69 2.0 84 25 
Red 17 16 17 18 86 2.5 80 2.5 
Far-red 13 16 ll 18 94 15 96 15 
Fluorescent 35 16 18 18 90 15 100 15 
U.V., 1.5 hrs 38 14 57 2 100 2.0 96 2.0 
Values required for significance for: 
% Abscission in 12 days Days to 50 % abscission 
Light ** Chemicals ** Light ** Chemicals ** 
0.01 level 2.64 2.16 0.70 0.59 
0.05 level 1.69 1.62 0.53 0.45 


* Each datum represents the mean of 96 petioles. 
** Light x chemicals interaction is highly significant. 


same as that in room-light under comparable chemi- 
cal treatments. The percentage abscission of the 
lanolin and JAA treatments increased slightly but sig- 
nificantly under red and far-red radiation compared 
to darkness or room-light. In the ECH and TCA 
treatments far-red induced greater abscission than 
darkness, room-light or red radiation. With the ex- 
ception of ultra-violet, the fluorescent source was 
more effective than other types of radiation in all 
treatments. The fluorescent source produced con- 
siderable short wave length energy as well as higher 
total energy than the red or far-red light sources. 

Although ultra-violet at 2537 A is not found in 
sunlight this available radiation source was used to 
show the effects of the shorter wave lengths, particu- 
larly those that cause severe injury in living cells, on 
abscission. For the experiment shown in table I, the 
seedlings received ultra-violet for only 1.5 hours and 
then were left in the enclosed dark chamber. In all 
treatments (table I) ultra-violet. gave high abscission 
values. It was found in preliminary experiments that 
3 hours of ultra-violet radiation drastically reduced 
abseission and 24-hour exposure entirely prevented it. 
No doubt this reduction is due to rapid tissue injury 
and death as a high rate of mortality occurred after 
3 hours of irradiation and no seedlings survived after 
24 hours of exposure. 

To determine the effects of ultra-violet exposures 
shorter than 1.5 hours and the possible photoreversal 
of the ultra-violet effect by other wave lengths, the 
experiments summarized in table II were conducted. 
Twenty minutes of ultra-violet followed by continu- 
ous darkness increased the percentage abscission of 
controls from 38 % observed with one 1.5 hours ex- 
posure to 88%, while 20 minutes of ultra-violet in 
combination with IAA was less effective than 1.5 
hours (tables I and II). A further reduction of the 
abscission-inhibiting effect of applied IAA by ultra- 


violet exposures up to 1.5 hours suggests IAA 
inactivation. Ultra-violet plus far-red appear com- 
plementary to increasing abscission, whereas the pro- 
motion of abscission by ultra-violet is reduced when 
ultra-violet is followed by continuous red or fluores- 
cent irradiation. This reduction possibly demonstrates 
a photoreversal of the ultra-violet effect upon abscis- 
sion similar to that noted by Tanada and Hendricks 
for damage to soybean leaves (16). 

Pre-treatment of cotton seedlings with room-light, 
red and far-red for 20, 40, and 60 minutes followed by 
darkness was compared to continuous illumination 


TaBLeE II 


CoMPaRISON OF CoNTINUOUS IRRADIATION TO 20-MINUTE 
ULTRA-VIOLET PRETREATMENT REGIMES ON AVERAGE PER- 
CENTAGE ABSCISSION IN CoTTon IN 7 Days * 


LANOLIN 
LIGHT TREATMENT 1%I1IAA 1% ECH 
Continuous dark 2 0 73 
20 min U.V—Dark ** 88 39 100 
Continuous red 0 0 96 
20 min U.V—Red ** 56 18 93 
Continuous far-red 3 5 98 
20 min U.V.—Far-red ** 92 63 100 
Continuous fluorescent 7 4 100 
20 min U.V—Fluorescent ** 38 47 92 


Values required for significance for average 
% abscission in 7 days: 


Light + Chemicals + 
0.01 level 2.56 1.57 
0.05 level 1.93 1.18 


* Each datum represents 96 petioles. 
** Last treatment continuous for 7 days. 
+ Light x chemicals also highly significant. 
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under these sources and to continuous darkness. 
Compared to continuous darkness the short pre-treat- 
ments were essentially without effect on abscission 
and were less effective than the continuous irradiation 
treatments. Cotton petioles treated with lanolin and 
the growth regulators were also subjected to alternat- 
ing 24-hour regimes of darkness, room light, red and 
far-red and compared to the corresponding continuous 
regimes. It was noted that alternating radiation had 
little effect upon the final percentage abscission. 
However, when the 24 hours of far-red was given 
first the rate of abscission in the ECH and TCA 
treatments was accelerated slightly compared to the 
other light regimes. 


Based on the results of the light-intensity experi- 
ments with cotton (fig 1), abscission in the lanolin 
controls was promoted by increasing intensities up to 
2,500 ft-ec. Although abscission in the IAA treatment 
was reduced compared to the control, it paralleled 
rather closely the light-intensity effect curve of the 
control. ECH gave high abscission at all intensities 
below 2500 ft-c but above 2500 ft-e abscission was 
retarded as it was in the lanolin and IAA treatments. 
Light intensities of 6,000 to 8,000 ft-c significantly re- 
duced abscission in all treatments. The effects of 
high light intensity may be indirect in that high light 
promotes rapid tissue dehydration and cellular inac- 
tivation (8). 

The percentage abscission of debladed primary 
leaves of dark-grown bean seedlings are presented in 
table III. Removal of the apical meristem region had 
no effect on abscission in the continuous-dark controls. 


1% TAA 
20} 
LANOLIN 
1% ECH 
i iL _it 


0800 4500 Bp00 2,800! 
Light Intensity in Foot Candies 
Fic. 1. Influence of light intensity on percentage ab- 


scission of debladed cotton cotyledonary petioles treated 
as indicated. 


TABLE III 


PERCENTAGE ABSCISSION OF DeBLADED PRIMARY LEAVES oF 
Dark-Grown BEAN SEEDLINGS IN 5 DAYS AFTER 
Rep AND Far-RED IRRADIATION 


LIGHT TREATMENT No. PETIOLES % ABSCISSION 


TREATED IN 5 DAYS 

1. Continuous dark 

(apical meristem removed) 116 12.9 + 1.0 ** 
2. Continuous dark 

(apical meristem intact) 114 123 +15 
3. 15 min Red—Dark * 94 19.1+08 
4. 15 min Far-red—Dark * 128 25.0 + 2.0 
5. 15 min Red-15 min 

Far-red—Dark * 104 16.7+1.0 
6. 15 min Far-red-15 min 

Red-Dark * 94 191+08 


* Dark continuously after light pretreatments. 
** Standard error. 


The amount of abscission in the far-red treatment 
was approximately twice that of the controls, but the 
increase is insignificant compared to the effects of 
ECH or TCA (table I). Although the results sug- 
gest that the abscission-promoting effect of far-red is 
photoreversible by red radiation, the small differences 
in abscission make it difficult to conclusively demon- 
strate reversibility. 

The rate of regrowth from lateral buds of cotton 
in the field after chemical defoliation has a profound 
influence on the efficiency of machine harvesting. 
Therefore, it was of interest to check the effect of 
light upon axillary bud growth. Table IV shows that 
red light has a pronounced stimulating effect on axil- 
lary bud growth regardless of chemical treatment. 
Also, red-light treatment caused the seedlings to be 
greener and more vigorous. This agrees with the 
promoting effect of red radiation on coleoptile section 
elongation, and on the stem and leaf growth of etio- 
lated seedlings (7, 9, 12, 14). The control plants 
when placed under approximately 3000 ~w/em? min 
of fluorescent light gave a lower percentage of forced 
buds than when placed under about 1500 pw/cm? min 
of red light but they had a greater weight of regrowth. 
When grown under approximately equal energy levels, 
both percentage forced buds and weight of regrowth 
per plant was higher under the red source. This 
suggests that wave length as well as total energy is 
important in the initiation and growth of lateral buds. 
Darkness and ultra-violet entirely prevented regrowth 
in all treatments while low intensity room-light and 
far-red either prevented or reduced the initiation and 
growth of axillary buds (table IV). 


DISCUSSION 


Most, if not all, morphogenetic responses of higher 
plants are controlled by light reactions which are 
largely independent of photosynthesis. As recently 


reviewed by Downs (7), and Hendricks and Borth- 
wick (9), an increasing list. of light controlled re- 
sponses have been found to be most effectively regu- 
lated by energy in the red region of the spectrum and 
are freely reversible by far-red radiation. All of the 
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photomorphogenetic responses investigated to date 
appear to be controlled by a common basic mecha- 
nism (7). Liverman and Bonner (12) have suggested 
that several of the red-far-red reversible plant re- 
sponses can be interpreted in terms of a morphogene- 
tie photocyele wherein auxin and light interact in 
some way to control the response. 

It is well established that auxin will inhibit abscis- 
sion; some believe that auxin is the principal endoge- 
nous regulator (1, 10) of abscission, i.e., will both 
promote or inhibit the process. Our findings that 
removal of the apical meristem does not greatly affect 
abscission in the bean are contrary to the results re- 
ported by Jacobs for Coleus (10). Removal of the 
apical meristem in cotton is also without effect in 
this regard (8). In view of other plant responses to 
auxin which are influenced by red-far-red energy, it 
would appear logical that abscission would likewise be 
influenced by these wave lengths. Although light has 
been shown in the present study to significantly 
modify abscission, the responses to light have not 
been as great as the effects of chemical treatments. 
Wave lengths other than ultra-violet promoted abscis- 
sion only slightly. Since leaf injury (whether me- 
chanical, chemical, or biological) is known to promote 
the abscission process, it is believed that the promot- 
ing effect of ultra-violet on the lanolin-control plants 
represents largely an injury mechanism. The rela- 
tively high amount of abscission in the IAA treat- 
ment involving ultra-violet suggests that auxin inac- 
tivation or immobilization of its effect is likewise a 
factor. Twenty minutes of ultra-violet followed by 
continuous red or fluorescent light reduced the ab- 
scission-promoting effect of ultra-violet. This possibly 
demonstrates a photoreversal, similar to that noted 
by Tanada and Hendricks (16) for ultra-violet dam- 
age to soybean leaves. 

With dark-grown bean seedlings the slight abscis- 


sion stimulating effect of far-red energy was reduced 
by red radiation and suggests, but does not prove, the 
reversal of a single reaction as noted for other re- 
sponses (7). If a red-far-red reaction is fu:ctioning 
in abscission it probably contributes only a minor 
part to the total abscission process; the promotion of 
leaf abscission appears to be more directly controlled 
by other factors. 

Although the maximum light intensity for pro- 
moting abscission in cotton was not determined, ab- 
scission of debladed petioles was inhibited above 6,000 
ft-c, probably indirectly through too rapid tissue de- 
hydration and enzyme inactivation. On the other 
hand, the abscission-promoting effect of high light 
intensity upon the less toxic chemical defoliants ob- 
served in field plantings is believed to be associated 
with acceleration of chemical injury and slight leaf 
dehydration since both favor successful cotton defolia- 
tion. Brown and Hyer (3) studied the effects on 
defoliation of various lengths of darkness a) prior to, 
b) prior to and immediately following, and c) after 
the application of defoliants and IAA in three varie- 
ties of cotton and compared these treatments to 
similarly treated plants under normal light-dark re- 
gimes. It was noted that the “darkness” treatments 
reduced defoliation significantly compared to the con- 
trols; the longer periods of darkness gave the greatest 
reduction in defoliation. The inhibiting effect of IAA 
on abscission was maintained regardless of light treat- 
ments. Jacobs (10) has reported that shading can 
speed abscission in Coleus. 

The present results support the belief that the 
effects of light upon abscission are mostly indirect in 
that they serve to reduce the inhibiting action of 
auxin. The lack of a pronounced promoting or photo- 
reversal reaction to red—far-red—auxin treatments, as 
found for some other morphogenetic responses, sug- 
gests that abscission is not solely an auxin-mediated 


TABLE IV 


Errects oF Light * ANp GrowtH Recutators oN AXILLARY Bup GrowTH oF CoTToN AS PERCENTAGE Forcep Bups 


AND AVERAGE FresH Wr IN MG/PLANT AFTER 18 Days 


LANOLIN CONTROL 1% IAA 1% ECH 1% TCA 
TREATMENT 
% Bups Ma % Bups Ma % Bups Me % Me 
Roomlight 0 0.0 10 24 0 0.0 0 0.0 
Low ** red 48 37.5 22 13.3 42 15.8 21 75 
Low ** far-red 0 0.0 0 0.0 20 11.2 0 0.0 
High + red 49 43.3 52 128.5 51 43.8 40 775 
Fluorescent + 35 38.3 50 153.3 15 25.0 40 70.5 
Values required for significance for: 
% Forced buds Wt of regrowth (mg/plant) 
Light ¢ Chemicals Light Chemicals 
0.01 level 2.17 1.95 1.74 1.56 
0.05 level 1.63 1.46 1.30 1.17 


Each datum represents 48 plants. 


* Data for dark and ultra-violet treatments omitted as regrowth did not occur in these treatments. 


** Approximately 1500 uw/cm*. 
+ Approximately 3000 uw/cm’. 
++ Light x chemical interaction also highly significant. 
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response. There is little doubt that a photorespon- 
sive-controlling reaction is present in abscission; it is 
also well known that changing light conditions in the 
fall is a factor in inducing leaf drop of deciduous 
species. However, the failure of this system to com- 
pletely control abscission in the present experiments 
possibly lies in the explanation of Hendricks and 
Borthwick (9) that control is expressed only when 
the concentration limits are met for compounds in- 
volved and that some photoresponsive reactions in- 
teract with other variable factors. 


SUMMARY 


1. With light-grown seedlings, chemical treatments 
had a more pronounced effect upon petiole abscission 
than did darkness, low intensity room light, red, far- 
red or fluorescent light. The promoting effect of 
ultra-violet light upon abscission is believed to be due 
to injury and to IAA inactivation. 

2. Both light quality (wave length) and irradiance 
were shown to have a significant effect upon abscis- 
sion. The light-chemical interaction was also found 
to be significant. High light intensity significantly 
reduced abscission of debladed cotton petioles, proba- 
bly due to rapid dehydration and enzyme inactivation. 

3. With dark-grown bean seedlings removal of 
the apical meristem had no effect upon abscission. 
The slight abscission promoting effect of far-red radi- 
ation was small compared to the stimulating effect of 
chemicals. Reversibility of a red-far-red reaction in 
abscission was not conclusively proven and it appears 
that the red—far-red effect is only a part of the total 
abscission response system. 

4. These experiments do not support the belief 
that abscission is solely an auxin mediated response. 

5. Red radiation had a definite stimulating effect 
upon axillary bud growth in cotton whereas darkness, 
room light, far-red and ultra-violet prevented or re- 
duced regrowth. 

6. The promoting effect of red light upon axillary 
bud growth of cotton indicated an auxin-light medi- 
ated response. 
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BRIEF PAPERS 
CHLOROPHYLLASE IN SOYBEAN ?:?:3 


R. GAGE anp ARONOFF 
INSTITUTE FoR ATOMIC RESEARCH AND DEPARTMENT oF BorTaNy, 
Iowa State Cortece, AMEs, Iowa 


Chlorophyllase. activity has been observed in 
many plants, and several methods have been devised 
for determining its specific action in removing phytol 
from chlorophyll (2, 3, 4, 5, 6). Noack (3) con- 
sidered that chlorophyllase has an essential role in 
the photo-decomposition of chlorophyll. The water- 
soluble chlorophyllide is, presumably, more readily 
oxidized in the aqueous cytoplasm by peroxide than 
is the non-water-soluble chlorophyll. Koski and 
Smith (1), working with a mutant white seedling of 
Zea Mays L., have concluded that the albinism arises 
from the rate of destruction of chlorophyll exceeding 
its rate of synthesis. In this study, a modification of 
Sironval’s method (4) has been used to ascertain a 
possible relationship between chlorophyllase activity 
and chlorosis in a soybean mutant. 

The material used was Glycine Maz L., var. 
Hawkeye (courtesy of Dr. C. R. Weber, Department 
of Agronomy, Iowa State College) which yields yel- 
low (Y-Y), yellow-green (Y-G), and green (G-G) 
leaves in the ratio 1:2:1. These were grown under 
natural illumination in the greenhouse during June 
and July and were harvested 6 weeks after planting. 
It was found possible to maintain the Y-Y plants by 
daily spraying with a 1% sucrose solution. Dahlia 
rosea leaves, which possess high chlorophyllasé ac- 
tivity, were used as a reference. 

Greatest activity was observed in leaf tissue 
which, immediately after harvesting, was homoge- 
nized in 80% acetone at 0° C. The low-speed cen- 
trifugation pellet was found to contain all the en- 
zyme activity and this wet fraction was used as the 
enzyme source. Optimum incubation conditions at 
room temperature were found, in agreement with 
Weast and Mackinney (5), to be 60 to 70 % acetone 
in 0.067 M phosphate buffer at pH 6.2. The enzyme 
appeared to be unable to distinguish between chloro- 
phyll and pheophytin, and, since the latter is less 
sensitive to photo-degradation, it was used as the 
substrate. Pheophytin a was obtained from crude 
pheophytin by chromatographic separation on a 
powdered sucrose column (7). 

The results of a typical experiment are shown in 
table I. Fresh tissue from the newest, fully ex- 
panded trifolioliate leaves was weighed quickly to 
give an equivalent, predetermined dry weight of 50 
mg and then homogenized in a small Pyrex, Ten 
Brock tissue grinder. The homogenate was trans- 
ferred quantitatively to a 25-ml centrifuge tube and 


1 Received July 24, 1956. 

2 This research was supported in part by the National 
Science Foundation. 

3 Contribution number 469 from the Institute for 
Atomic Research and the Department of Botany, Iowa 
State College, Ames, Iowa. 


TABLE 


RELATIVE CHLOROPHYLLASE ACTIVITY IN SOYBEAN 
MotTAntTs AND DAHLIA * 


OPTICAL DENSITY Ratio, 

(PHEOPHOR- 

PLANT PHEO- PHEO- BIDE a/PHEO- 

PHYTIN a PHORBIDE a PHYTIN a 
Soybean 

Y-Y 0.247 0.363 147 
Y-G 0.406 0.225 0.55 
G-G 0.320 0.237 0.74 
Dahlia 0.045 0.578 12.80 


* The relative chlorophyllase activity is a linear func- 
tion of the ratio of the optical density (pheophorbide a 
/pheophytin a). Optical densities were measured at 410 
my after 12 hours incubation at room temperature. 


spun at approximately 1000 x g in a small centrifuge. 
After three resuspensions and centrifugations to re- 
move the soluble pigments, the wet pellet was trans- 
ferred to a 50-ml incubation flask with two 1-ml 
aliquots of buffer. Four ml of pheophytin a in ace- 
ton (approximately 100 mg/l) were added, the flask 
sealed, covered with foil to exclude light and agitated 
in a small, wrist-action shaker for 12 hours at room 
temperature. 

To assay for enzyme activity, the entire incubant 
was centrifuged and the supernatant plus two 1-ml 
acetone pellet elutions were made up to 10 ml. One 
ml of this was transferred to Schleicher and Schuell 
no. 539, white ribbon paper and chromatographed in 
the dark, using the descending method, with benzene- 
petroleum ether-acetone solvent (10:2.5:2), in an 
atmosphere of petroleum ether. After development, 
the pheophytin a and pheophorbide a bands were 
eluted quantitatively with acetone and made to vol- 
ume. Optical densities were measured with a Beck- 
man DU spectrophotometer at 410 my. 

The results show no highly significant enzyme ac- 
tivity in any of the soybean mutants, compared with 
that of dahlia, and we conclude that chlorophyllase 
activity is not related to this type of chlorosis in soy- 
bean. 
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A SIMPLE AUTOMATIC SHORT PHOTOPERIOD DEVICE! 


VICTOR A. GREULACH, ROSS SCROGGS anp GRAHAM J. DAVIS? 


DEPARTMENTS OF BOTANY AND Puysics, THE UNIversity or NortH CAROLINA, 
CuapeL Hitt, NortH CAROLINA 


The writers have constructed, for greenhouse use, 
a very satisfactory automatic short photoperiod de- 
vice which is similar in principle to the one described 
by Kramer (1) but differs from it in detail both as 
regards the type of dark box used and as regards the 
electrical circuit, which is somewhat simplified. 

The dark box consists of a bolted frame made 
with Reynolds aluminum angle rods (available from 
building supply dealers) and covered with two thick- 
nesses of Tico D black sateen (available from George 
Wood Sons & Co., Philadelphia 5, Pa.). While our 


1 Received August 14, 1956. 
2 Present address: Department of Botany, University 
of Tennessee, Martin, Tennessee. 


box is 30 in. (75 em) wide, 30 in. high, and 7.5 ft 
(2.29+m) long, the sturdiness and light weight of 
this type of construction would permit construction 
of a box to fit any bench width and as much as 10 ft 
(ca 3 m) long. There are horizontal and vertical 
supports at the center of the box, but no cross-brac- 
ing was needed. The box is divided into two light- 
proof compartments by a double thickness of sateen 
mounted in a frame made from Reynolds aluminum 
sash section components, the assembly being bolted 
to the center supports. Aluminum bolts and nuts are 
used throughout. A lamp socket is attached to an 
aluminum cross-piece bolted across the top center of 
each compartment, permitting interruption of the 
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Fic. 1. Diagram of electrical circuit used in automatic short photoperiod device. A—Switch of time switch 
circuit a; B—Switch of time switch circuit b; M—Motor; R—Relay; T—Time switch (including time switch 
motor) ; LL—Lower limit switch; UL—Upper limit switch. The switches and relay are in their photoperiod 
position. The labels apply to all diagram components above them. 
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T 
Fic. 2.. Diagram of simplified electrical circuit for 
motor and eliminating the relay. Labels as in figure 1. 


dark period in either or both compartments. The 
cords from the sockets to the time switches hang free 
outside the box and are long enough to reach when 
the box is raised. The sides of the frame are covered 
by wrapping a continuous piece of sateen twice 
around the box and bolting it (with washers outside 
the cloth) to the frame, the excess width of cloth be- 
ing laced across the box top with string. Another 
piece of double cloth is used to cover the top, the 
edges of this top cover overlapping the sides by 
several inches on each of the four sides. The resulting 
box, which fits closely inside the side boards of the 
bench, is light-proof to the extent that a Weston 
light meter reading to 0.1 ft-c failed to deflect when 
the box was in direct bright sunlight. 

The box is raised and lowered elevator-fashion, 
the cord to the motor winding drum being attached 
to a single large eye bolt in the top center of the box. 
Two pulleys are used to provide proper orientation 
for the cord. While the steel-core plastic clothesline, 
used as a cord, is quite satisfactory it appears proba- 
ble that heavy nylon cord would be more suitable. 
The box is guided into the bench by thin wires 
fastened vertically at each corner of the box to the 
bench and overhead supports and threaded through 
small eye bolts at the top and bottom of each corner 
of the box. When the box is raised to the top of the 
greenhouse its bottom clears the bench by 54 in. (125 
em). The shading of the experimental plants by the 
raised box is negligible. Adjacent benches are shaded 
more, but not objectionally, the net shading probably 
being less than with other types of automatic short 
photoperiod devices. 

The electrical circuit is diagrammed in figure 1. 
The time switch (T) is a Paragon Model PS-30. The 
limit switches (UL, LL) are normally-closed, single- 
pole, single-throw microswitches of the plunger type, 
though the roller type might be even more satis- 


M 


automatic short photoperiod devices using a capacitor 


factory. The upper limit switch (UL) is mounted on 
a hinged, weighted lever arm about 8 in. (20 cm) 
long in such a position that the top of the box con- 
tacts the switch, opening it and so halting the up- 
ward movement. The lever arrangement prevents 
damage to the switch. The lower limit switch is 
fixed to the bench, the activating lever arm being 
attached to the box. The relay is a Potter and 
Brumfield MR14A type, 3-pole double-throw, with 
8-ampere contacts. 

A Boston Gear Works ratiomotor integrated 
motor-gearbox combination is used, with a 67.5 gear 
ratio and an output of 25.55 RPM. The motor is a 
1/6-HP reversible R-I type with an output torque of 
225 in. lbs. This torque is considerably in excess of 
our requirements and would provide sufficient power 
to raise a box of any desired size. 

The daily sequence of events in the electrical 
circuit is as follows? 1. During the photoperiod 
switch A in the time switch is closed and switeh B is 
open. The lower limit switch is closed. The upper 
limit switch is open because of the pressure from the 
raised dark box; consequently, the relay is open, and 
the motor idle. 2. In the evening time switch A 
opens and switch B closes, causing the motor to 
lower the box. As a result, the upper limit switch is 
closed and the lower limit switch opened. The relay 
is still open. 3. During the dark period these switch 
and relay positions are retained. 4. In the morning 
time switch B opens and switch A closes. This causes 
the relay to close and the motor to run in reverse. 
The motor thus raises the box, closing the lower 
limit switch and opening the upper limit switch so 
that the relay opens. The circuit is now again in its 
photoperiod status as outlined in 1 above. 

The circuit described requires only one relay in 
place of the two used by Kramer (1). A still simpler 
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circuit with no relays could be achieved by using a 
capacitor motor such as Bodine 3810-40OH, 4-lead 
reversible, with attached gear box and 43 RPM and 
44 in. lb. torque output. This circuit is diagrammed 
in figure 2. While the low output torque of capacitor 
motors limits their usefulness in automatic short-day 
devices, the use of the 1/4-in. radius drive shaft of 
the motor mentioned as the winding drum shaft 
would permit the lifting of a 176-lb. weight (neglect- 


ing friction), which would be adequate for many 
devices. With a 1/2-in. drum shaft the capacity 
would be reduced to 88 lb. and with a 1-in. radius 
shaft to 44 Ib. 
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PHOTOPERIODIC INDUCTION OF DISBUDDED PERILLA PLANTS? 


ADA BOCCHI, FAUSTO LONA anno ROY M. SACHS 2 
Istituto ED Orto Boranico, UNIVERSITA DEGLI StupI, ParMA, ITALY 


In 1949 Lona demonstrated that detached leaves 
of Perilla ocymoides, a short day plant, could be 
photoperiodically induced (1). This was shown by 
placing a leaf, along with a short piece of petiole or 
petiole and stem, in sand culture in short day condi- 
tions (14-hour nyctoperiod) for 18 days. After induc- 
tion the detached leaf was grafted to a vegetative re- 
ceptor plant using the procedure to be described in 
this paper. Within 5 weeks after grafting Lona ob- 
served macroscopic flower buds at the receptor apices, 
and, since care was taken to exclude both buds and 
roots, he concluded that the leaf blade alone was suffi- 
cient for short day induction. 

Recently Carr (2, 3) extended Lona’s experiments 
to Xanthium and soybean; with detached leaves or 
disbudded plants he was unable to show induction and 
transmission of the stimulus across a graft union. 
Carr concluded that a leaf blade alone was not capa- 
ble of being induced and that it was necessary to have 
some part of a bud present during induction. This 
is in keeping with Gregory’s theory (2) that the 
leaves supply the necessary substances to the buds 
and that the latter complete the synthesis and are 
responsible for the reproduction of the floral stimulus. 
Carr explained Lona’s success with Perilla as due to 
the presence of bud primordia in a sufficient state of 
development to function in the synthesis of the 
stimulus. 

Although Carr questioned Lona’s results with 
Perilla he did not repeat his experiments or extend 
them to disbudded plants, and the purpose of this 
paper is to examine the question of induction of dis- 
budded Perilla plants. 

Perilla ocymoides (L.) var. nankinensis (Lour.) 
was grown from seed collected at the Botanical Gar- 
den at Parma. Prior to photoperiodic induction the 
plants were kept in long day conditions (photoperiod 
always in excess of 16 hours) until the 4th, 5th, or 6th 
pair of leaves, counting acropetally, had fully ex- 
panded. At this time the plants were decapitated and 
defoliated to a single pair of leaves (either the 4th, 


1 Received August 7, 1956. 
2 Present address: Department of Botany, University 
of California, Los Angeles 24, California. 


5th, or 6th) and then disbudded by excavating at the 
nodes. The secondary axillary buds lie at the surface 
of the cortex at the underside of the primary axillary 
buds, and in order to insure their removal it was gen- 
erally sufficient to remove a thin layer (1 mm or less) 
of the stem tissue in the axillary region. When the 
disbudding procedure failed the secondary buds be- 
came visible within 3 to 4 days and the plants were 
duly marked. In some of our control plants the origi- 
nal disbudding was sufficient to prevent bud regenera- 
tion for more than 3 months. 

Immediately after disbudding the plants received 
short day induction (14- or 15-hour nyctoperiod) ; in- 
cluded in some of these experiments were plants that 
were partially disbudded or left intact and received 
short day induction and others that were completely 
disbudded and kept in long day conditions for a 
period equal to that of short day induction. Short 
day treatment was continued until all of the controls 
(intact and partially disbudded) had macroscopic 
flower buds (from 20 to 30 days). The induced leaves 
were removed with a short piece of stem and inserted 
into a wedge-shaped cut in the stem of the receptor 
plants as close to the apex as possible; the cut stem 
and donor leaf were then bound with raphia. During 
the course of the grafting procedures all cut surfaces 


Fic. 1. Left. Two plants showing the wedge-shaped 
cut and inserted leaf. Right. A disbudded plant show- 
ing the 5th pair of leaves. 
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were kept wet and the final raphia-bound graft was 
covered with a thin layer of lanolin. Prior to grafting 
the host plants were defoliated and disbudded except 
for the apical bud and leaves less than 20 mm long, 
and subsequently all leaves and buds which unfolded 
from the apex were removed. In figure 1 three plants 
are shown demonstrating the disbudding and grafting 
techniques. 

For the first few days after grafting the plants 
were kept in a humid glass-enclosed chamber in which 
the light intensity was quite low (between 50 and 200 
ft-c) for the major part of a 16-hour photoperiod; 
however, for a period of 2 to 3 hours daily the plants 
were exposed to natural light conditions (more than 
1000 ft-c) and then returned to the glass enclosed 
chamber. This procedure was continued until the 
grafted leaves showed no signs of wilting, after which 
the plants remained permanently in natural condi- 
tions for a 14- to 16-hour photoperiod. Vegetative 
plants receiving this same treatment did not develop 
flowers. The temperature in the glass-enclosed cham- 
ber varied between 22 and 26° C, whereas the natural 
temperatures varied between 14 and 30°C. The ex- 
periments were continued until macroscopic flower 
buds were observed at the receptor apices. 

In the summer of 1955 one of us (Lona) observed 
that disbudded Perilla plants could be induced; how- 
ever, no quantitative data were recorded on the rate 
of development of the flower buds and for this reason 
the experiments were repeated. The results of 3 
experiments are recorded in table I. The “with buds” 
group included all plants in which the buds had re- 
generated after being excised, and, therefore, the num- 
ber of buds present during induction in these experi- 
ments varied from more than 10 (intact plants) to 0 
(disbudded plants). For every receptor plant the 
number of days after grafting to the appearance of 
macroscopic flower buds was recorded; in all three 


TABLE I 


RESULTS OF EXPERIMENTS ON PHOTOPERIODIC INDUCTION 
or DispuppED PERILLA PLANTS 


No No Yo RECEP- 
TREATMENT No. crarrs RECEPTOR TOR PLS. 
OF DONOR LVS. SUCCESS- PLANTS FL./SUC- 
Lvs. GRAFTED va. FLOWER- CESSFUL 
ING GRAFTS 
Short days 
Expt. A—30 SD 
With buds 10 7 6 86 
Without buds 7 3 3 100 
Expt. B—25 SD 
With buds 21 20 19 95 
Without buds 6 6 6 100 
Expt. C—20 SD 
With buds 13 13 12 92 
Without buds 37 37 31 84 
Long days 
Expt. A—30 LD 
With buds 6 5 0 0 
Without buds 4 3 0 0 


experiments, regardless of the number of buds, flowers 
were observed within 30 to 40 days after grafting. 
That is, there was no correlation between the number 
of buds present during short day induction of the 
donor leaf and the rate of development of the flower 
buds on the receptor, as one might have expected if 
the buds were active in the synthesis of the floral 
stimulus. 

It remains to be shown that the plants “without 
buds” were truly lacking even microscopic bud _pri- 
mordia during short day induction. To this end some 
plants were disbudded and placed in short-day con- . 
ditions. After 8 and 20 days stem sections were col- 
lected, including the axillary bud region adjacent to 
the remaining pair of leaves, imbedded in paraffin, 
and sectioned longitudinally with a microtome. The 
sections were stained with Heidenhain’s iron hema- 
toxylin according to the procedure described by Jo- 
hansen (4) and examined under the microscope. No 
bud structures were apparent nor did there appear to 
be any abnormal meristematic growth; perhaps more 
important, there was no difference between the 8- and 
20-day sections, thus showing that there were no re- 
generating tissues during the period of induction. 

Regardless of the microscopic analysis it was clear 
that there were no “actively growing buds,” in the 
sense in which Salisbury applied the term to Xan- 
thium (5), present during photoperiodic induction, 
and this in no way affected the flower inducing prop- 
erty of the treated leaves. It is, therefore, highly 
probable that buds are not active, and certainly not 
necessary, in the synthesis of the floral stimulus in 
Perilla. These experiments lend added support to 
Lona’s original observation on the induction of de- 
tached, disbudded Perilla leaves (1). 

Salisbury (5) and Lincoln (quoted by Salisbury) 
have recently shown that there is a requirement for 
actively growing buds or young leaves for the short 
day induction of Xanthium. Salisbury further demon- 
strated that the requirement for buds could be substi- 
tuted by auxin applied just after induction. He sug- 
gested that auxin in some way preserved the state of 
induction and that the reason why Carr was unable 
to show induction of detached leaves or disbudded 
plants may have been due to the lack of sufficient 
auxin. If Salisbury’s interpretation is correct, the 
obvious explanation for the success of our experiments 
with Perilla is that the detached leaves or disbudded 
plants are capable of maintaining a sufficiently high 
auxin level to preserve the induced state. 


SUMMARY 


It has been shown, by employing a leaf-grafting 
technique, that disbudded Perilla meres plants 
can be photoperiodically induced. 
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ON THE SIGNIFICANCE OF MEASUREMENTS OF AMINO ACID 
INCORPORATION INTO THE PROTEINS OF 
CELL-FREE PREPARATIONS?” 


GEORGE C. WEBSTER 


DEPARTMENT OF BIOCHEMISTRY, COLLEGE OF AGRICULTURE, THE OHIO STATE UNIverSITY, 
Cotumsus, OHIO 


It has been reported (4) that cell-free extracts of 
pea seedlings incorporate a variety of C1!4-amino 
acids into their protein. The incorporation is pro- 
moted by adenosine triphosphate, by a mixture of 
amino acids, by magnesium and potassium ions (5), 
and by the nucleosides derived from ribonucleic acid 
(6). Amino acid incorporation is inhibited by ade- 
nosine diphosphate, by amino acid analogues, by 
rubidium ions, by certain purine analogues, and by 
’ treatment of the cell-free extract with ribonuclease 
(4, 5, 6). The properties of the incorporation sys- 
tem, therefore, resemble in many respects the prop- 
erties of similar cell-free systems prepared from 
mammals (2, 3, 7) and bacteria (1). 

Recently, however, the author has received sev- 
eral inquiries as to whether amino acid incorporation 
in such cell-free systems might be due to the presence 
of bacteria in the preparations. Although prelimi- 
nary investigations indicated bacteria to be essen- 
tially absent in the disrupted seedling preparations, 
it is extremely important, before proceeding to other 
experiments, to clarify what contribution, if any, 
bacteria make to the measured incorporation of 
amino acids into protein. This report presents the 
results of experiments designed to investigate this 
question. 

As noted above, amino acid incorporation by cell- 
free extracts of pea seedlings is promoted by ade- 
nosine triphosphate, and inhibited by adenosine di- 
phosphate and ribonuclease. If bacteria are respon- 
sible for the observed results (4, 5) on amino acid 
incorporation by pea seedling preparations, then the 
incorporation of C14-glutamate into bacterial protein 
should be promoted by adenosine triphosphate and 
inhibited by both adenosine diphosphate and _ ribo- 
nuclease. The effects of these substances on the in- 
corporation of C14-glutamate by suspensions of both 
Azotobacter vinelandii and a mixed bacterial culture 
are presented in table I. It can be seen that the 
three substances have no effect on the incorporation 
of amino acids into bacterial protein. 

The reverse situation is true in the case of the ef- 

1 Received August 23, 1956. 

2 Supported in part by a grant from the Charles F. 
Kettering Foundation. 


fect of antibiotics on amino acid incorporation. A 
concentration of 5 ygm/ml of Chloramphenicol, or | 
pgm/ml of Aureomycin completely inhibits the in- 
corporation of C!4-glutamate into the protein of the 
mixed bacterial culture. These concentrations of 
antibioties have no effect on the incorporation C14- 
glutamate into the protein of cell-free extracts of pea 
seedlings. Considerably higher concentrations (100 
to 500 gm of Chloramphenicol) are required for in- 
hibition of amino acid incorporation by the pea seed- 
ling extracts. The above results, therefore, do not 
support the thesis that any significant part of the 
amino acid incorporation by pea seedling prepara- 
tions is a result of bacterial growth. 

Likewise, it has been reported (4) that the par- 
ticulate fraction sedimenting between 10,000 and 
100,000 x g has a higher specific activity (following 
incubation of the cell-free pea seedling extract with 
C!4-glutamate) than any other fraction. This is not 


TABLE | 


EFFECTS OF ADENOSINE TRIPHOSPHATE, ADENOSINE DIPHOs- 
PHATE, AND RIBONUCLEASE ON THE INCORPORATION OF 
C™-GLUTAMATE INTO BACTERIAL PROTEIN 


CPM/MG PROTEIN 
ADDITION TO SYSTEM * 


AZOTOBACTER MIXED BACTERIA ** 


None 1080 836 
Adenosine triphosphate 1051 847 
Adenosine diphosphate 1112 819 
Ribonuclease 1099 825 


* Experimental conditions were those described previ- 
ously (4). Complete system contained 0.4M_ sucrose, 
0.05 M potassium phosphate buffer (pH 7.5), 0.01M 
glutamate-2-C™ with an activity of 100,000 cpm, 0.1 mg 
each of a mixture of 17 amino acids (4), and the bac- 
terial suspension containing approximately 50 mg of 
protein. Incubated at 38°C for 60 min. The adenyl 
compounds were present at 0.001 _M concentration (4). 
Ribonuclease (1 mg/ml) was ineffective whether added 
at zero time or one hour before the addition of the C™- 
glutamate. The bacteria absorbed all of the C'-amino 
acid from the incubation medium during the 60 min 
incubation period. 

** Prepared by inoculating a peptone-sucrose medium 
with dust collected from the laboratory. 
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TABLE II 


SpeeciFIc ACTIVITIES OF CENTRIFUGAL FRACTIONS OF PEA 
SEEDLING ExTRACTS AND OF INTACT BACTERIAL CELLS * 


CPM/MG PROTEIN 
CELL-FREE INTACT CELLS 
OF PEA BACTERIAL 
SEEDLINGS CULTURE 
500xg for 15 min 23 850 
10,000x g for 15 min 31 876 
100,000 x g for 120 min 55 893 ** 
Supernatant from 100,000 x g 
for 120 min 11 0 


* Cell-free extracts of pea seedlings or a suspension 
of intact bacteria were incubated with C‘-glutamate as 
described in table I. The preparations were then sub- 
mitted to the centrifugal forces described above and the 
various sediments and the supernatant assayed for radio- 
activity. 

** This fraction contained approximately 1% of the 
total bacteria of the original suspension, but its specific 
activity is essentially the same as the sediment from 
10,000 x g which contained more than 90 % of the bacteria. 


the case with bacterial suspensions. As can be seen 
from table II, each centrifugal fraction of a suspen- 
sion of intact bacteria has the same specific activity, 
because some intact bacteria sediment at each force, 
even though most of the cells sediment between 500 
and 10,000 x g. 

Moreover, the kinetics of amino acid incorpora- 
tion differ markedly in cell-free extracts of pea seed- 
lings and in bacterial suspensions. As is evident 
from table III, the rate of amino acid incorporation 
by pea seedling extracts decreases steadily during in- 
cubation, and reaches zero after approximately two 
hours. In contrast, the rate of incorporation by a 
bacterial suspension proceeds steadily over a three- 
hour period. 

Finally, if cell-free extracts of pea seedlings are 


TABLE III 


Time Course oF INCORPORATION OF C'-GLUTAMATE INTO 
THE PROTEIN OF CELL-FREE EXTRACTS OF PEA 
SEEDLINGS AND OF INTACT BACTERIA * 


CpM/MG PROTEIN 


INCUBATION TIME 


(MIN) PEA SEEDLING BACTERIAL 
EXTRACT SUSPENSION 
30 61 615 
60 85 1478 
90 95 2323 
120 101 3159 
150 101 4044 
180 101 4865 


* Preparations were incubated as described in table I. 
Figures given refer to total radioactivity incorporated 
after the times indicated. 


prepared and incubated by standard aseptie tech- 
niques, the results reported previously (4, 6) can be 
consistently confirmed. In these cases, an aliquot of 
the incubation system plated out on glucose-agar at 
the end of the one hour incubation period, shows no 
evidence of the presence of bacteria. This demon- 
strates that the reported results (4, 6) can be con- 
firmed in the absence of bacterial cells. 

The various lines of investigation cited above, 
therefore, not only do not support the suggestion that 
amino acid incorporation by cell-free extracts of pea 
seedlings as reported previously (4, 5, 6) is due to 
bacteria, but they also provide compelling evidence 
against such a supposition. It should be noted, how- 
ever, that the vigorous incorporating activities of 
bacteria, as shown in these results, constitute an 
ever-present danger during all metabolic studies with 
cell-free extracts of plants, animals, and _ bacteria. 
The desirability of some evidence of the non-partici- 
pation of bacteria in results obtained in such studies 
is obvious. For example, comparable experiments 
were not performed with liver microsomes (7) or 
disrupted bacteria (1) during this investigation, but 
the dependence of amino acid incorporation in these 
systems on adenosine triphosphate and the strong in- 
hibitions caused by ribonuclease (1, 7) provide evi- 
dence that the observed amino acid incorporations by 
such preparations likewise are due to the activities 
of the preparations themselves. 

It is, therefore, concluded that reports of amino 
acid incorporation by cell-free preparations of liver 
(3, 7), bacteria (1), and pea seedlings (4, 6) are not 
due to contamination of the preparations with grow- 
ing bacteria, and that no basis has been found in 
support of suggestions to the contrary. 
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USE OF AN OPTICAL PLANIMETER FOR MEASURING LEAF AREA? 


EDWARD E.*MILLER, C. ALLAN SHADBOLT ann LEROY HOLM 
DePARTMENT OF PHysics AND Sorts, UNiversity oF WISCONSIN; 
DEPARTMENT OF VEGETABLE Crops, UNIveRSITY OF CALIFORNIA, Davis, CALIFORNIA; 
DEPARTMENT OF HorticuLTurE, UNIversITY oF WISCONSIN, Mapison, WISCONSIN 


The rapid, accurate measurement of area in bio- 
logical materials of varying colors, textures, and 
shapes is of special concern to the plant scientist. 
The need for the measurement of leaf area, in particu- 
lar, has prompted the search for newer and faster 
methods in recent years. In general, leaf area is an 
excellent indicator of the photosynthetic capacity of 
a plant and the measurement of such area is of value 
in studies in plant nutrition, plant competition, and 
plant-soil water relations. Leaf size or the total leaf 
area of a plant may also be an important considera- 
tion when studying the response of plants to growth 
regulators and herbicides. 

Frear (1) has reviewed the laboratory methods 
employed in such measurements and described an 
instrument which he designed for the purpose. Frear’s 
method was a simplified version of the integrating 
sphere technique used in photometry. His apparatus 
consisted of a light source and photronic cell at oppo- 
site ends of a white painted box. A ground glass 
plate, masked to a circular opening 18 cm in diame- 
ter, was placed midway between the cell and light 
source. A white, hemispherical baffle was interposed 
in the direct path of the light below the glass so that 
the response of the cell was primarily a measure of 
the diffused illumination from repeated scattering of 
light within the box. When the leaf material was 
placed on top of the plate it absorbed light, lowering 
the level of scattered illumination so that the cell 
response was correspondingly decreased. Since this 
decrease was a measure both of the area and of the 
effective absorption and reflection coefficients of the 
leaf material, it was necessary to calibrate the instru- 
ment with known areas of the particular leaf material 
to be employed. With highly articulated materials 
such as carrot leaves it was difficult to obtain known 
areas for calibration. Furthermore, any variation in 
leaf color or texture due to difference in species, 
weather, maturity, or time lag between picking and 
measurement would cause appreciable error. Accord- 
ingly, when a new instrument with larger capacity 
was needed in this laboratory, a basically different ap- 
paratus was developed to overcome these limitations. 

The new design was made practicable by the pres- 
ent availability of large high-aperture Fresnel type 
lenses (from Special Product Sales Division, Eastman 
Kodak Company, 343 State Street, Rochester, New 
York) molded from a thin plastic sheet; these are 
virtually free of spherical aberration and are obtain- 
able at low cost. With two of these lenses the light 
from a projection bulb was collimated into a 16-inch 
(40 em) diameter beam, passed through the leaf ma- 
terial carried on a glass plate, and refocused on the 
photronic cell. Since the effective area of the cell 


1 Revised manuscript received September 13, 1956. 


subtended less than one percent of the solid angle 
seen by the second lens, a negligible fraction of the 
light diffused or scattered by a leaf reached the cell. 
With this arrangement, even such translucent mate- 
rials as tracing paper are practically as effective as 
opaque black paper in blocking off light from the cell, 
so that leaf color and texture calibration is no longer 
necessary. 

A number of refinements were incorporated into 
this simple scheme to improve reliability and con- 
venience: 1) Since the Fresnel lenses accentuate the 
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Fic. 1. Essentials of optical planimeter. A negligi- 
ble percentage of light scattered by translucent leaves 
on the specimen stage reaches the photronic cell. 
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Fig. 2. “Hit miss” type of variable-density filter. 
Fraction transmitted is not affected by the angle of in- 
cidence. Actual filters contain many more “spears” than 
are shown here. 


normal tendency of a collimated beam to be brighter 
in the center than at the edges, compensation for 
this was introduced at two points as indicated in fig- 
ure 1. The primary compensation was carried on a 
zero-power spectacle-lens blank. This blank was first 
covered with black paint on one side. The paint 
coating was then cut away cleanly to leave rings 
whose proper widths and spacings were computed 
from light response measurements. The cutting was 
done on a lathe using a 0.01 inch (25 mm) section of 
a razor blade edge as the tool. The cutting edge was 
held at a slicing angle by the spring tension of the 
blade. Control to 0.001 inch (2.6 mm) was obtain- 
able from the cross feed head. Secondary compensa- 
tion of residual non-uniformity was obtained with 
grease-pencil cross-hatching on a glass surface not 
exposed to dust or handling. Control of this was 
obtained by moving a hole of fixed area from place 
to place, hatching or erasing at each spot as needed 
until the photronic cell current reached a chosen fixed 
value. 2) In order to obtain uniform response from 
any photocell or photronic cell, it should be mounted 
behind diffusing layers to spread out the effect of local 
“hot spots” on the photoactive surface. This arrange- 
ment can be seen in figure 1. 3) Because of the non- 
linearity of photronic cells, the illumination was al- 
ways set to a constant level by means of a wedge-type 
density filter. As an added convenience, the latter 
was calibrated directly in area units. With f/0.9 
Fresnel lenses, light from the edges of the field pene- 
trates the wedges at angles sufficiently far from the 
vertical that conventional absorbing wedges would 
appear appreciably more dense to such rays than to 
central rays falling on the same spot. For this reason 


a “hit-or-miss” type of wedge-pair was devised which 
has the property that its average density is independ- 
ent of angle of incidence (fig 2). This wedge, de- 
signed to a constant density taper so that the overlap 
region of the two parts will have a constant average 
density, was drawn out on a large scale and reduced 
with a camera on to glass photographie plates. 4) To 
combat the effect of line voltage variation, the light 
source was operated from a variac, the output of 
which is monitored by a sensitive arrangement and 
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Fig. 3. Photograph of optical planimeter with front 
covers removed. 
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TABLE I 


DETERMINATION BY MEANS oF A PLANIMETER OF THE LEAF AREA OF CARROT PLANTS GROWN IN 
CoMPETITION WITH WEEDS FoR A Periop oF 5.5 WEEKS FoLLow1ING EMERGENCE 


No. OF WEEDS/FT” 


0 3 


6 10 


LEAF AREAIN.2 DevIATION LEAF AREAIN2 DevIATION LEAF AREAIN. DevIATION LEAF AREAIN. DEVIATION 


2-2 


143 
244 
186 
247 


z CVA(%) 
205* 25.2 


* Significantly different from check (no weeds) at 5% 


level. L.S.D. = 142.01. 


** Significantly different from check (no weeds) at 1% level. L.S.D.= 204.23. 


held within suitable tolerances during readings. A 
voltage-regulating transformer helps to simplify this 
control. (For critical problems some consideration 
has been given to the use of two cells in a balanced 
bridge; the second cell being mounted to “look” di- 
rectly at the original light source as monitor. 5) If 
the bulb were to burn out, some readjustment of 
the secondary compensation cross-hatching would un- 
doubtedly be required after the replacement was 
made. To avoid this, the bulb is given an indefi- 
nitely long expected life by operating it well below 
its rated voltage. 6) As with any instrumental con- 
version of information from perishable material, assur- 
ance of reliability of data should be secured. This is 
done by checking the null—no leaves present—at fre- 
quent intervals, and also by checking one or two 
standard known areas (paper squares) at the begin- 
ning and end of each work period. A photograph of 
the finished planimeter is shown in figure 3. 

In order to obtain an estimate of the error, sys- 
tematic and otherwise, readings were taken on sample 
‘squares of known area. These squares were cut into 
irregular pieces, and distributed at random, but with- 
out overlap over the working surface of the instru- 
ment. The sample areas used were 15, 35, and 70 
square inches (ca 94, 219, 438 em?), and 60 readings 
were made on each sample. The coefficient of varia- 
bility for each of these known sample areas was com- 
puted. The greatest of these was 1.5 %, determined 
from the 70 square inch (ca 438 cm?) sample area. 
The deviations of the smaller areas were considerably 
less. 


This instrument has been used to determine the 
total leaf area of carrot and beet plants which were 
grown in competition with weed populations of vary- 
ing density (2). Leaf area measurements were made 
at regular intervals as the crops and the weeds in- 
creased in size and the competition became more 
intense. Representative data on the effect of varying 
degrees of weed competition on the leaf area of car- 
rots are presented in table I. In all cases the coeffi- 
cient of variability within the treatments was greatly 
in excess of that found in the planimeter. (Despite 
the considerable variation within the treatments, a 
high degree of significance was found between treat- 
ments.) It is apparent that under most conditions 
of biological experimentation, the error of the instru- 
ment is small enough to be regarded as negligible. 


SUMMARY 


The optical planimeter described above was de- 
signed to accommodate large areas and is particularly 
convenient for the measurement of leaf area. It is 
capable of rapid determination of irregular areas with 
high accuracy and is, therefore, suitable for use with 
many biological materials. 
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AND NOTES 


AMERICAN Society Symposium: The 
Division of Agricultural and Food Chemistry of the 
American Chemical Society will hold a symposium 
entitled “The Trace Elements in Human, Plant, and 
Animal Nutritior” in Miami, Florida, April 7 to 12, 
1957. 

D. M. Doty will preside at the first session at 
which the following papers will be presented. 

1. E. J. THACKER and KENNETH C. BEESON (U.S. 
Soil, Plant, and Nutrition Laboratory, Ithaca, New 
York) Occurrence of trace element deficiencies and 


toxicities in the United States and problems of their 
detection. 

2. Ivan Stewart (University of Florida Citrus 
Station, Lake Alfred) 
Florida agriculture. 

3. J. R. Coucn (Agr. and Mech. College, College 
Trace element research in poultry 


Use of trace elements in 


Station, Texas) 
nutrition. 

4. L. SeeKutes (University of Utrecht, Nether- 
lands) Some aspects of the trace element problem in 
animal nutrition. 

5. ALFRED N. Metss (Rutgers University, New 
Brunswick, New Jersey) Unified study of trace ele- 
ments in a substrate-plant-animal complex. 

Papers for a second session include the following. 

6. Henry J. Kocu, Jr. (Memorial Center for 
Cancer and Allied Diseases, New York City) Trace 
elements in human nutrition with reference to wide- 
spectrum mineral salt mixtures. 

7. ARNOLD E. ScHaerer (National Institutes of 
Health, Bethesda, Maryland) Seasalt in the over-all 
nutritional status of people in the Near East and far 
eastern countries. 

8. R. E. Nuspaum (Atomic Energy Project, Uni- 
versity of California, Los Angeles) Some spectro- 
graphic studies of trace element storage in human 
tissues. 

9. Perry R. Stour (University of California, 
Berkeley) Cobalt, sodium, iodine, and fluorine sup- 
plies for animals through plant materials. 

10. C. F. Mitts (Rowett Research Institute, 
Aberdeen, Scotland) Comparative metabolic studies 
of inorganic and herbage-complex forms of copper in 
rats and sheep. 

At a third session, the following papers will be 
presented. 

11. C. L. Comar (Oak Ridge Institute of Nuclear 
Research, Oak Ridge, Tennessee) Fission products 
in the food and biological cycle. 


12. Davip E. Green (Institute for Enzyme Re- 
search, University of Wisconsin, Madison) Role of 
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